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REMARKS 

The present Amendment and the following Remarks are submitted in response to the Office 
Communication mailed June 13, 2005. Applicant thanks the Examiner for entering the previous 
amendment to the claims, for reviewing the information disclosure statements and for accepting the 
drawing. 

The Examiner was not persuaded by Applicant's remarks in traversing the Restriction 
Requirement and made the requirement Final. Applicant has amended the claims to express the claimed 
subject matter in terms of nucleotide sequences encoding a polypeptide with an amino acid sequence of 
SEQ ID NO:5. 

Claims 23-25 and 35-39 have been amended. New claims 41-45 have been added. Claim 40 is 
canceled. Support for the amendment to claim 24 can be found in the specification at, for example page 
10, lines 24-30, page 20, line 31-page 21, line 3 and page 59, lines 5-11. Claims 23-39 and 41-45 are 
pending upon entry of these amendments. 

The Specification has been amended to remove blank spaces and to replace browser-executable 
code with information identifying the reference source as derived from the website address. 

No new matter has been added. The Objections and Rejections raised by the Examiner in the 
Communication are addressed below. 

Objection to the Specification 

The specification was objected to because of the presence of browser-executable code and 
because of missing data corresponding to ATCC accession information. Applicant has amended 
paragraphs containing this code to cite source information and to disable the code. Applicant also has 
deleted text referring to ATCC deposit information. In view of these amendments, Applicant requests 
that these objections be withdrawn. 

Rejection of the Claims Under 35 U.S.C. §101 

Claims 23-40 were rejected under 35 U.S.C. §101, as allegedly lacking a specific and substantial 
asserted utility or a well-established utility. In particular, the Examiner states that the disclosure of LGR6 
and its tissue distribution fails to provide sufficient evidence on the specific biological functions or 
physiological significance and thus fails to disclose a patentable utility of the invention. The Examiner 
asserts that homology of LGR6 with members of the GPCR family does not render the claimed invention 
a specific and substantial utility. The Examiner further warns against potential propagation of errors in 
assigning function from predictions based on sequence analysis. The Examiner asserts that the uses 
disclosed in the specification, such as screening assays, are research uses designed to identify a function 
of the molecules and are not a substantial utility. The Examiner discounts the disclosure of LGR6 use in 
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the diagnosis and treatment of weight, cardiovascular, neural or endocrine disorder by saying that they are 
not specific and substantial because they do not identify or reasonably confirm a real world context of 
use. The Examiner alleges that the specification does not identify a specific disease and that further 
research is required to support a specific and substantial asserted utility or a well-established utility. 
Applicant respectfully traverses this rejection. 

Applicant reminds the Examiner that LGR6 is identified as a particular type of GPCR, having an 
N-terminal extracellular domain comprising leucine rich repeats, in addition to the standard seven 
transmembrane portion typical of GPCRs. As noted in the specification, at page 17, line27 through page 
18, line 25, LGR6 is a member of GPCR subfamily I, which includes the beta2 adrenergic receptor. 
LGR6 was further identified in a subgroup which includes glycoprotein hormone receptors, which 
activate the Gs-cAMP signal transduction pathway. In particular, within this subgroup, LGR6 shares 
highest homology to LGR4 and LGR5. The specification, at page 31, lines 1-8, discloses that LGR6 
would signal through cyclic AMP metabolism or phosphatidylinositol turnover. At page 40, lines 1-26, 
the specification discloses expression patterns for LGR6, with the highest expression in the heart and 
discloses cardiovascular disorders, including cardiomyopathies and congestive heart failure, where LGR6 
would play a role. 

Applicant submits Exhibits A and B, which evidence the importance of beta-adrenergic receptors 
and signaling pathways, including the cAMP pathway, in the development of cardiovascular diseases, 
such as cardiomyopathy, which lead to heart failure. Exhibits B and C evidence the heterogeneous 
contributions to heart failure and the need to devise varied strategies to treat this condition. Exhibits D 
and E evidence that at the time of filing the application to which the present application claims priority, 
the roles of beta adrenergic receptors and cAMP signaling in heart failure were known to one skilled in 
the art. As LGR6 is expressed in the heart, is related to the receptors known for roles in heart failure and 
signals through pathways implicated in heart failure, LGR6 has utility in cardiovascular disorders, as 
disclosed in the specification at page 40, lines 16-21. 

Applicant submits Exhibits F and G as evidence of the expectation that LGR6 plays an important 
functional role in tissues where it is expressed. LGR4 and LGR5 are the closest relatives to LGR6. 
Studies wherein the LGR4 or LGR5 gene is deleted show that homozygous mice containing such a 
deletion have very low, or no survival, respectively. The phenotypic hallmark of such mice is a defect in 
the tissue in which the LGR is normally expressed. With the highest LGR6 expression in the heart, the 
heart is most affected by the activity or expression of LGR6. Thus LGR6 is an important target for 
diagnosis or treatment of cardiovascular disorders. 

Applicant asserts that the present application provides a specific, substantial, credible and well- 
established utility. The utility of using the expression or activity of LGR6 in the diagnosis or treatment of 
cardiovascular disorders is specific, because a particular set of disorders is disclosed. This utility is 
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substantial because cardiovascular disorders are a known problem and Exhibit evidence presented herein 
show that the use of new targets, such as LGR6, is still needed in the "real world" for treatment and 
diagnosis of these heterogeneous disorders. The utility is credible because at the time of priority date for 
the application, one of skill in the art would believe the utility of LGR6 for cardiovascular disease, based 
on the assertions in relation to other known contributors of the disease. This utility is well-established 
because GPCRs, e.g., of subfamily I and signal transduction, e.g. via cAMP, have well-established roles 
in disease. In conclusion, Applicants respectfully submit the utility requirement has been met, and the 
claimed invention is in fact supported by a well established and an asserted specific, substantial utility 
which is credible. Reconsideration and withdrawal of the rejection under 35 USC 101 is requested. 

Rejections of the Claims Under 35 USC §1 12, First Paragraph 

Claims 23-40 are rejected under 35 USC §112, first paragraph. Specifically, the Examiner 
contends, since the claimed invention is not supported by either a specific and substantial asserted utility 
or a well established utility, one skilled in the art would not know how to use the claimed invention. 
Applicants respectfully traverse the rejection. For the reasons stated above, Applicants assert the claimed 
invention is in fact supported by a specific and substantial utility, and the rejection under 35 USC §112 
should be withdrawn. 

In case one still needs additional information on how to use the claimed invention for the 
disclosed utility, Applicant herein highlights some of that information. For example, a utility disclosed in 
the application is the use of the expression of LGR6 in the treatment or diagnosis of cardiovascular 
disorders. The detection of nucleic acids is well known to one skilled in the art, and is supplemented by 
the specification at page 44, line 22 to page 45, line 3; page 46, lines 20-27; page 98, linel9 through page 
102, line 25 and Example 2, pages 121-122. 

For treatment of cardiovascular disorders, antibodies directed to LGR6 polypeptides and 
antisense molecules directed at LGR6 nucleic acids are described in the specification at pages 65-69 and 
52-55, respectively. Methods to administer therapeutic agents directed at modulating the expression or 
activity of LGR6 are described on pages 108-109. The use of LGR6 in assays to identify modulators of 
its activity is described at pages 85-93. LGR6 ligands, disclosed in the specification, at page 9, line 6, as 
glycoprotein hormones (glycoprotein hormones are further illustrated at page 18, lines 15-18) can be 
useful in the screening assays. Those skilled in the art also know that LGR6 can be assayed even without 
a ligand, as shown in Exhibits H and I, which describe in vitro assays using orphan GPCRs. These 
articles show that even at the time of filing the invention, it was recognized in the art that in order to 
perform the screening assays on GPCRs, including LGR6, one didn't need to have physiological 
parameters associated with a particular receptor to screen for agonists and antagonists of their function. 
One only needed to be able to express the receptor in a cell on which a signaling parameter could be 
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measured. Libraries of compounds, such as those disclosed in the specification on page 87, lines 2-23 
could be used to modulate activity from orphan GPCRs expressed and assayed by the methods disclosed 
in the Exhibits. 

As can be seen by these citations to the specification, Applicant has provided much information 
and many methods to supplement the skill in the art and enable one skilled in the art to make and use the 
invention without undue experimentation. In view of these remarks, Applicant respectfully requests 
withdrawal of this rejection. 

Claims 38-40 were rejected under 35 USC §112, first paragraph (twice, on pages 8-10 and pages 
10-12) for having no structural limitation for the compounds. Applicant is amending claims 38-39 and is 
canceling claims 40. These claims have definite structure, as defined by the claims on which they 
depend, and they no longer recite hybridization characteristics of the structure. In view of these 
amendments, reconsideration and withdrawal of the rejection is respectfully requested. 

Rejections of the Claims Under 35 USC § 1 12, Second Paragraph 

Claims 38-40 are rejected under 35 USC §112, second paragraph, as being indefinite for failing to 
particularly point out and distinctly claim the subject matter which applicant regards as the invention. 
Specifically, the term "compound" was noted for its general meaning, but its context seemed limited to 
nucleic acids. Applicant is amending claims 38 and 39 (and canceling claim 40) to delete the term 
"compound" and leave only the term, "nucleic acid molecule" in the claims. In view of these 
amendments, Applicant respectfully requests that this rejection be withdrawn. 

Rejections of the Claims Under 35 USC §102 

Claims 38-40 are rejected under 35 USC §102, as being anticipated by Hillier et al.. Hillier et al. 
teach a nucleic acid sequence which comprises 512 consecutive nucleotides of SEQ ID NO:4. Applicant 
is amending claims 38 and 39 (and canceling claim 40) to define the material in the kit in terms of nucleic 
acid molecules which are much longer than the sequence described in Hillier et al.. In view of these 
amendments, Applicant respectfully requests that this rejection be withdrawn. 

CONCLUSION 

The foregoing amendments and remarks are being made to place the Application in condition for 
allowance. Applicant respectfully requests the timely allowance of the pending claims because, in view 
of these amendments and remarks, Applicant respectfully submits that the objections to the specification 
and rejections of the claims under 35 U.S.C. §§ 101, 112 and 102 are overcome. Applicant believes that 
this application is now in condition for allowance. Early notice to this effect is solicited. 
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If, in the opinion of the Examiner, a telephone conference would expedite the prosecution of the 



Applicant's amendments and remarks in this response, Applicant requests a prompt mailing of a notice to 
that effect. 

This paper is being filed timely, as a request for a three-month extension of time is being filed 
concurrently herewith. It is believed no other fees are required. In the event any additional fees, the 
undersigned hereby authorizes the requisite fees to be charged to Deposit Account No. 501668. 

Entry of the remarks made herein is respectfully requested. 



subject application, the Examiner is encouraged to call the undersigned. If the Examiner disapproves of 



December 13, 2005 



Respectfully submitted, 

MILLENNIUM PHARMACEUTICALS, INC. 




Registration No. 50,609 
40 Landsdowne Street 
Cambridge, MA 02139 



Telephone -617-551-3676 
Facsimile -617-551-8820 
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□ 1: Herz. 2002 Nov;27(7):683-90. 



Related Articles, Links 



FULL-TEXT AftTtCll 



The beta-adrenergic receptors. 
Wallukat G . 

Max Delbruck Centrum for Moleculare Medicine, Berlin, Germany. gwalluk@mdc- 
berlin.de 

BACKGROUND: The beta-adrenergic receptors of the myocardium play an 
important role in the regulation of heart function. The beta-adrenergic receptors 
belong to the family of G-protein coupled receptors. Three subtypes have been 
distinguished (betal-, beta2-, and beta3 -adrenoceptors). The receptors consist of 
seven membrane-spanning domains, three intra- and three extracellular loops, one 
extracellular N-terminal domain, and one intracellular C-terminal tail. 
PATHOPHYSIOLOGY: Stimulation of beta-adrenergic receptors by 
catecholamines is realized via the beta-adrenoceptor-adenylylcyclase-protein kinase 
A cascade. The second messenger is the cyclic AMP (cAMP). Stimulation of the 
cascade caused an accumulation of the second messenger cAMP and activated via 
the cAMP the cAMP dependent protein kinase A (PKA) The PKA phosphorylated, 
beside other cell proteins, the beta-adrenergic receptors. A phosphorylation of the 
beta-adrenergic receptors caused - with exception of the beta3-adrenoceptor - an 
uncoupling and desensitisation of the receptors. Phosphorylation via the G-protein 
receptor kinase (GRK or betaARK) also caused uncoupling and reduced the beta- 
adrenergic responsiveness. The uncoupling of the receptor is the prerequisite for 
receptor internalisation. In the process of internalisation the receptor shifted from 
the sarcolemma membrane into cytosolic compartments. Chronic beta-adrenergic 
stimulation caused a down-regulation of the receptors. During this process of 
desensitisation the expression of the receptor on mRNA and protein level is 
reduced. CHANGING OF THE RECEPTORS IN THE FAILING HEART: In 
patients with dilated cardiomyopathy the beta-adrenergic responsiveness of the 
myocardium is diminished. It was shown that in these patients the expression of the 
betal -adrenergic receptor is reduced on the mRNA and protein level. In these 
patients the expression of the inhibitory G-protein G(i) is increased. Furthermore, 
the expression of the G-protein receptor kinase is elevated. This kinase induces the 
uncoupling of the beta-adrenergic receptors. These alterations of the beta- 
adrenoceptor signal cascade may be induced by an elevated catecholamine release 
or by agonist-like autoantibodies directed against the betal-adrenergic receptor 
found in patients with dilated cardiomyopathy. Both, permanent stimulation with 
catecholamines and chronic treatment with agonistic anti -betal -adrenoceptor 
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autoantibodies cause a reduction of the expression of the beta 1 -adrenoceptor on 
mRNA and protein level in "in vitro" experiments. Moreover, an over-expression of 
the beta 1 -adrenoceptor, the stimulatory G(s) protein, and the protein kinase A 
induce detrimental alterations of the cardiac function and morphology in transgenic 
animals. These animals developed heart failure accompanied by an increased 
mortality rate. 

Publication Types: 

• Review 

• Review, Tutorial 

PMID: 12439640 [PubMed - indexed for MEDLINE] 



Display 



Abstract 



B Show 120 HI Sort by |j Send to gj 



Write to the Help Desk 



NCBI 1 NLM 
Department of Health & 



NIH 

Human Services 



Privacy Statement | Freedom of Information Act | Disclaimer 



Dec 6 2005 04:49:05 



http://www.ncbi.nlm.nih.gov/entrez/query .fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list... 12/12/2005 



Entrez PubMed 



NCBI 



EXHIBIT B to Accompany Amendment and Response in U.S. 
Serial No.10/664,667 to Office Action Dated June 13, 2005 



PubMed 



Page 1 of 2 



A service of the National Library of Medicine 
and the national Institutes of Health 



Ail Databases 



PubMed 



Nucleotide 



pvbmed, gov 

Protein Genome 



My NCBI 

[Sign In] [Register] 



Structure 



Search I PubMed 



M for[ 



OMIM PMC Journals 

1111) - gleari 



Books 



Limits Preview/Index History Clipboard Details 



About Entrez 
NCBI Toolbar 

Text Version 

Entrez PubMed 

Overview 

Help | FAQ 

Tutorials 

New/Noteworthy 

E-Utilities 

PubMed Services 
Journals Database 
MeSH Database 
Single Citation Matcher 
Batch Citation Matcher 
Clinical Queries 
Special Queries 
LinkOut 
My NCBI 

Related Resources 
Order Documents 
NLM Mobile 
NLM Catalog 
NLM Gateway 
TOXNET 
Consumer Health 
Clinical Alerts 
ClinicalTrials.gov 

PubMed Central 



Abstract 



Display 

All: 1 Review: 1 



Show 



|20 



Sort by M Send to IB 



□ 1: Curr Top Dev Biol. 2005;68:25-48. 

fE L S E V I E R| 



Related Articles, Links 



FULL-TEXT ARTICLE 



Alterations in cAMP-mediated signaling and their role in the 
pathophysiology of dilated cardiomyopathy. 

Movsesian MA , Bristow MR . 

Cardiology Section, VA Salt Lake City Health Care System, Department of Internal 
Medicine (Cardiology), University of Utah, Salt Lake City, Utah 84148, USA. 

Dilated cardiomyopathy is a disease characterized by enlargement of the chambers 
of the heart and a decrease in contractility of the heart muscle. The process involves 
several alterations in proteins involved in cyclic adenosine monophosphate (cAMP) 
generation that result in a decrease in intracellular cAMP content per unit of 
adrenergic stimulation in cardiac myocytes. A fundamental question is whether 
these changes constitute a pathologic mechanism that contributes to chamber 
enlargement and hypocontractility or a compensatory adaptation that protects the 
heart from the adverse effects of increased catecholamine stimulation. Clinical 
studies in humans suggest that the latter effect may be more important. Studies in 
animal models, however, make the picture more complex: changes in cAMP- 
mediated signaling can have different effects depending on the specific protein 
whose expression or function is altered and the setting in which the alteration 
occurs. It may be that dilated cardiomyopathy represents a collection of different 
diseases in which alterations in cAMP-mediated signaling have different roles in the 
pathophysiology of the disease, and, furthermore, that changes in the 
phosphorylation of individual substrates of cAMP-dependent protein kinase may be 
either beneficial or harmful. Identifying differences among patients with dilated 
cardiomyopathy with respect to the role of altered cAMP-mediated signaling in 
their pathology, and identifying the "good" and "bad" substrates of cAMP- 
dependent protein kinase, are important areas for further research. 

Publication Types: 
• Review 



PMID: 16124995 [PubMed - indexed for MEDLINE] 



Display 



Abstract 



9 Show 1 20 H | Sort by g [Send to |g 



Write to the Help Desk 
NCBI | NLM | NIH 



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi ?cmd=Retrieve&db=pubmed&dopt=Abstract&list... 12/12/2005 



Entrez PubMed 



EXHIBIT C to Accompany Amendment and Response in U.S. 
Serial No. 10/664,667 to Office Action Dated June 13, 2005 



NCB 



Pubfoed 



Page 1 of 2 



A service of the National Library of Medkine 
and the National Institutes of Health 



All Databases 

Search 



pubmed.gov 

PubMed Nucleotide Protein Genome 




Structure 



OMIM 



PubMed 



m for 



PMC Journals 

!©15|1 Ellin! 



Books 



Limits Preview/Index History Clipboard Details 



About Entrez 
NCBI Toolbar 

Text Version 

Entrez PubMed 

Overview 

Help | FAQ 

Tutorials 

New/Noteworthy 

E-Utilities 

PubMed Services 
Journals Database 
MeSH Database 
Single Citation Matcher 
Batch Citation Matcher 
Clinical Queries 
Special Queries 
LinkOut 
My NCBI 

Related Resources 
Order Documents 
NLM Mobile 
NLM Catalog 
NLM Gateway 
TOXNET 
Consumer Health 
Clinical Alerts 
ClinicalTrials.gov 

PubMed Central 



Abstract 



Display 

All: 1 Review: 1 



B} Show 



20 !H] Sort by m Send to 




□ 1: Curr Opin Cardiol. 2004 May;19(3):254-63. Related Articles, Links 

A rational approach for the treatment of acute heart failure: current 
strategies and future options. 

Sharma M Teerlink JR . 

Section of Cardiology, San Francisco Veterans Affairs Medical Center and 
Department of Medicine, University of California San Francisco School of 
Medicine, USA. 

PURPOSE OF REVIEW: Acute decompensated heart failure represents a major, 
growing health problem in the developed world. However, until recently, relatively 
little research has been performed in this field to provide a basis for rational 
treatment strategies. The purpose of this review is to discuss the current approach 
and the potential future strategies for treatment of patients with acute 
decompensated heart failure. RECENT FINDINGS: Recent data have confirmed 
the heterogeneous nature of patients admitted with acute decompensated heart 
failure, and the limitations of the current therapeutic regimens with diuretics, 
intravenous vasodilators (ie, nitroglycerin, nitroprusside), and intravenous inotropes 
(ie, dobutamine, milrinone). A new vasodilator, nesiritide, has been demonstrated to 
improve hemodynamics and symptoms at 3 hours compared with nitroglycerin, and 
has been added to the therapeutic armamentarium in the United States. However, 
none of these agents has been shown to influence patient outcomes favorably. 
Given the high readmission rates, morbidity, and mortality of acute decompensated 
heart failure, other newer approaches, such as antagonists to a number of 
neurohumoral targets (ie, endothelin [tezosentan], vasopressin [conivaptan, 
tolvaptan], and adenosine) and non-cAMP-mediated inotropy (ie, levosimendan), 
are currently under investigation and showing promise. SUMMARY: Acute 
decompensated heart failure presents a challenging therapeutic problem for 
clinicians. Although they readily correct the hemodynamic abnormalities, current 
treatment strategies have significant limitations and have not been shown to 
improve morbidity or mortality. A number of new agents are under investigation 
with the goal of improving patient outcomes. 
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FULL-TEXT ARTICLE 



Restoring function in failing hearts: the effects of beta blockers. 

Eichhorn E.I . 

Department of Internal Medicine (Division of Cardiology), Dallas Veterans 
Administration Hospital, Texas 75216, USA. 

Until recently, clinical management of congestive heart failure was purely 
palliative. The drugs used in patients with failing hearts-digoxin, vasodilators, and 
positive inotropic agents— improved contractility, reversed hemodynamic 
abnormalities, and enhanced functional status, but they failed to confer a survival 
benefit. Indeed, the use of inotropic agents often resulted in excess mortality-a 
paradox explained in part by the pharmacological properties of these agents, which 
increase production of cAMP, the intracellular messenger for the beta-adrenergic 
system. The short-term pharmacological benefits of these drugs may be offset by 
deleterious long-term biological effects on the heart muscle itself. The use of beta- 
blockers in heart failure is counterintuitive, given that their initial pharmacological 
effect is to reduce heart rate and contractility in a faltering heart, thus producing an 
effect diametrically opposed to that of inotropic agents. However, it is becoming 
more clear that beta-blocker therapy in patients with heart failure not only improves 
left ventricular function, but may actually reverse pathological remodeling in the 
heart. Accumulating clinical evidence indicates that these beneficial changes are the 
result of secondary biological changes in the myocardium rather than a response to 
the pharmacological effects of the drugs themselves. Mounting evidence suggest 
that these agents may prolong survival in patients with heart failure, and ongoing 
clinical trials may soon confirm these preliminary findings. 
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In vitro and in vivo characterization of intrinsic sympathomimetic 
activity in normal and heart failure rats. 

Willette RN , Aiyar N . YueTL, Mitchell MP , Pisa J , Storer BL , Naselsky DP . 
Stadel JM , Ohlstein EH . Ruffolo RR Jr . 

Department of Cardiovascular Pharmacology, SmithKline Beecham 
Pharmaceuticals, King of Prussia, Pennsylvania, USA. 
robert n willette @ sbphrd.com 

Clinical studies conducted with carvedilol suggest that beta-adrenoceptor 
antagonism is an effective therapeutic approach to the treatment of heart failure. 
However, many beta-adrenoceptor antagonists are weak partial agonists and possess 
significant intrinsic sympathomimetic activity (ISA), which may be problematic in 
the treatment of heart failure. In the present study, the IS As of bucindolol, 
xamoterol, bisoprolol, and carvedilol were evaluated and compared in normal rats 
[Sprague-Dawley (SD)], in rats with confirmed heart failure [spontaneously 
hypertensive heart failure (SHHF)], and in isolated neonatal rat cardiomyocytes. At 
equieffective beta 1 -adrenolytic doses, the administration of xamoterol and 
bucindolol produced a prolonged, equieffective, and dose -related increase in heart 
rate in both pithed SD rats (ED50 = 5 and 40 microgram/kg, respectively) and 
SHHF rats (ED50 = 6 and 30 microgram/kg, respectively). The maximum effect of 
both compounds in SHHF rats was approximately 50% of that observed in SD rats. 
In contrast, carvedilol and bisoprolol had no significant effect on resting heart rate 
in the pithed SD or SHHF rat. The maximum increase in heart rate elicited by 
xamoterol and bucindolol was inhibited by treatment with propranolol, carvedilol, 
and betaxolol (beta 1 -adrenoceptor antagonist) but not by ICI 118551 (beta2- 
adrenoceptor antagonist) in neonatal rat. When the beta-adrenoceptor-mediated 
cAMP response was examined in cardiomyocytes, an identical partial 
agonist/antagonist response profile was observed for all compounds, demonstrating 
a strong correlation with the in vivo results. In contrast, GTP-sensitive ligand 
binding and tissue adenylate cyclase activity were not sensitive methods for 
detecting beta-adrenoceptor partial agonist activity in the heart. In summary, 
xamoterol and bucindolol, but not carvedilol and bisoprolol, exhibited direct betal- 
adrenoceptor-mediated ISA in normal and heart failure rats. 
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Leucine-Rich Repeat-Containing, G Protein-Coupled 
Receptor 4 Null Mice Exhibit Intrauterine Growth 
Retardation Associated with Embryonic and 
Perinatal Lethality 

SABINE MAZERBOURG, DONNA M. BOULEY, SATOKO SUDO, CYNTHIA A. KLEIN, 
JIAN V. ZHANG, KAZUHIRO KAWAMURA, LISA V. GOODRICH, HELEN RAYBURN, 
MARC TESSIER-LWIGNE, and AARON J. W. HSUEH 

Division of Reproductive Biology, Department of Obstetrics and Gynecology (S.M., S.S., C.A.K., 
J.V.Z, K.K., A.J.W.H.) and Departments of Comparative Medicine (D.M.B.), and Biology (L.V.G, H.R., 
M.T.-L), Stanford University, Stanford, California 94305 



Leucine-rich repeat-containing, G protein-coupled 
receptors (LGRs) belong to the largest mammalian 
superfamily of proteins with seven-transmem- 
brane domains. LGRs can be divided into three 
subgroups based on their unique domain arrange- 
ment Although two subgroups have been found to 
be receptors for glycoprotein hormones and relax- 
in-related ligands, respectively, the third LGR sub- 
group, consisting of LGR4-6, are orphan receptors 
with unknown physiological roles. To elucidate the 
functions of this subgroup of LGRs, LGR4 null mice 
were generated using a secretory trap approach to 
delete the majority of the LGR4 gene after the in- 
sertion of a 0-galactosidase reporter gene imme- 
diately after exon 1. Tissues expressing LGR4 were 
analyzed based on histochemical staining of the 
transgene driven by the endogenous LGR4 pro- 
moter. LGR4 was widely expressed in kidney, ad- 
renal gland, stomach, intestine, heart, bone/carti- 
lage, and other tissues. The expression of LGR4 in 



these tissues was further confirmed by immuno- 
histochemical studies in wild-type animals. Analy- 
sis of the viability of 250 newborn animals sug- 
gested a skewed inheritance pattern, indicating 
that only 40% of the expected LGR4 null mice were 
born. For the LGR4 null mice viable at birth, most of 
them died within 2 d. Furthermore, the LGR4 null 
mice showed intrauterine growth retardation as 
reflected by a 14% decrease in body weight at 
birth, together with 30% and 40% decreases in 
kidney and liver weights, respectively. The present 
findings demonstrate the widespread expression 
of LGR4, and an essential role of LGR4 for embry- 
onic growth, as well as kidney and liver develop- 
ment The observed pre- and postnatal lethality of 
LGR4 null mice illustrates the importance of the 
LGR4 signaling system for the survival and growth 
of animals during the perinatal stage. (Molecular 
Endocrinology 18: 2241-2254, 2004) 
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THE LEUCINE-RICH REPEAT (LRR)-CONTAI N I NG, 
G protein-coupled receptors (LGRs) designated as 
LGR4 through LGR8 are structurally similar to recep- 
tors for gonadotropins and TSH (1-3). These receptors 
are characterized by a large N-terminal extracellular 
domain-containing LRRs and a seven-transmembrane 
region. Phylogenetic analysis showed that there are 
three LGR subfamilies: the classic glycoprotein hor- 
mone receptors, the second subgroup of LGR4, 

Abbreviations: AST, Aspartate aminotransferase; BUN, 
blood urea nitrogen; FAM, 5'-6-carboxy-fluorescein; IGFR-I, 
IGF receptor type I; IRES, internal ribosome entry sequence; 
IUGR, intrauterine growth retardation; LGR, leucine-rich 
repeat-containing, G protein-coupled receptor; LRR, leucine- 
rich repeat; LRRNT, N-terminal LRR; PLAP, placental alkaline 
phosphatase; SA, splice acceptor; SD, splice donor; TAMRA, 
6-carboxy-tetramethyl-rhodamine; X-gal, 5-bromo-4-chloro- 
3-indolyl-/3-D-galactopyranoside. 

Molecular Endocrinology is published monthly by The 
Endocrine Society (http://www.endo-society.org), the 
foremost professional society serving the endocrine 
community. 



LGR5, and LGR6; and a third subgroup represented 
by LGR7 and LGR8 recently found to be the receptors 
for relaxin family ligands (4-6). These three subgroups 
of LGRs have an ancient evolutionary origin and ex- 
isted before the divergence of vertebrates and inver- 
tebrates (1, 2, 6). LGR4, also known as GPR48, is a 
large protein consisting of 18 extracellular LRRs to- 
gether with a seven-transmembrane region (1 , 7). It 
shares only around 20% sequence identity with the 
glycoprotein hormone receptors but exhibited around 
45% and 35% homology with LGR5 and LGR6, re- 
spectively (1 , 7). Unlike LGRs in the other two subfam- 
ilies, the ligands and functions for the LGR4/5/6 sub- 
family are unclear. In an attempt to elucidate the 
physiological roles of this subgroup of orphan LGRs, 
we performed gene deletion experiments of the proto- 
type LGR4 gene using a mouse gene deletion model. 

Generation of transgenic mice using the secretory- 
trap approach is ideal for large-scale functional anal- 
ysis of secreted and membrane-spanning proteins (8, 
9). When the trap vector integrates within the intron of 
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a target gene, a 0-galactosidase fusion protein, includ- 
ing the N terminus of the target gene driven by its 
endogenous promoter, is produced. These insertions 
also effectively mutate the trapped gene to create null 
alleles. Here, we characterized the phenotypes ' of 
LGR4 null mice generated by this secretory trap ap- 
proach to investigate the physiological roles of this 
receptor. Taking advantage of the expression of the 
fusion reporter gene controlled by the endogenous 
LGR4 promoter, we also performed detailed analysis 
of the tissue expression pattern of LGR4. The LGR4 



gene showed a wide tissue distribution, and its dis- 
ruption was associated with intrauterine growth retar- 
dation (IUGR) and perinatal lethality. 



RESULTS 

Disruption of the LGR4 Gene in Transgenic Mice 

The LGR4 gene was mapped to mouse chromosome 
2 (10). The mouse genomic sequence of the LGR4 
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Fig. 1. LGR4 Gene Targeting and Transgene Insertion in Mice as Well as Genotyping Using Genomic DNA 

A, Genomic structure and corresponding coding regions of the mouse LGR4 gene. The LGR4 gene contains 1 8 exons with exon 
1 encoding the signal peptide for secretion (SP) and the LRRNT domain. Exons 2-1 7 encode the 17 LRR domain, and exon 18 
encodes the seven transmembrane region plus the C-terminal tail. The lower panel shows the alignment of the deduced amino 
acid sequences of mouse, rat (GenBank accession no. NP_775450) and human (GenBank accession no. NP_060960) LGR4 
cDNAs. The full-length cDNA of mouse LGR4 has been deduced from partial cDNA (accession no. AK044357) and genomic 
(NT_039209) sequences. The predicted signal peptide is boxed, the seven-transmembrane domain is overlined, and the 
conserved amino acids are shaded. B, Transgene insertion in LGR4 mutant mice. The secretory-trap vector (1 1 .98 kb) includes 
the mouse En-2 SA sequence, the CD4 transmembrane domain (CD4TM) inserted in frame with /3-geo (a fusion gene encoding 
/3-gaiactosidase, neomycin, and phosphotransferase), followed by the IRES fused to the PLAP gene and the simian virus 40 
polyadenylation signal (8, 1 1 , 12). The secretory-trap vector was inserted at the 5'-end of intron 1 of the LGR4 gene. Due to the 
presence of the SA site in the 5 '-end of the insertion vector, transcript splicing occurred between this acceptor site and the SD 
site in exon 1 of the LGR4 gene. This random insertion resulted in the loss of LGR4 expression and leads to the expression of 
a chimeric mRNA encoding a protein composed of the LGR4 LRRNT domain and /3-galactosidase. In addition, the PLAP protein 
was also expressed due to the presence of the IRES. Expression of jS-galactosidase and PLAP proteins from the trap vector was 
under the control of the endogenous LGR4 promoter. C, PCR amplification of a LGR4 fragment and the transgene in wild-type 
(+/+), heterozygous (+/-), and null (-/-) mice. Triplex PCR was performed using genomic DNA as the template together with 
three primers. Primers A and B allowed the amplification of a LGR4 fragment (A/B, 805 bp) in the wild-type allele whereas primers 
A and C amplified a transgene fragment (A/C, 650 bp) in the mutant allele. Due to the insertion of the large (1 1 .98 kb) trap vector, 
primers A and B could not amplify a PCR product in the mutant allele. In heterozygous animals, two PCR products were generated. 
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coding region starts at nucleotide 9579071 and ends 
at nucleotide 9673612 of the mouse chromosomal 
contig NT_039209 (GenBank accession number). The 
predicted full-length cDNA sequence of mouse LGR4 
(GenBank accession no. XM_355385) is consistent 
with the deduced sequence after comparison between 
the LGR4 partial cDNA (GenBank accession no. 
AK044357) and the genomic contig (Fig. 1A, upper 
panel). The deduced amino acid sequences of the 
mouse LGR4 protein show 98% and 95% similarity 
with the rat (GenBank accession no. NP_775450) and 
human (GenBank accession no. NP_060960) LGR4 
protein sequences, respectively (Fig. 1 A, lower pane!). 
The mouse LGR4 gene contains 18 exons. Exon 1 
encodes the signal peptide (SP) for secretion and the 
N-terminal LRR domain (LRRNT), whereas exons 2-1 7 
encode the 17 LRR domain, and exon 18 encodes the 
seven-transmembrane domain as well as the intracel- 
lular region (Fig. 1A). 

Using the secretory-trap approach, the LGR4 gene 
was disrupted by random insertion of a secretory-trap 
vector (Fig. 1B). This vector includes the mouse En-2 
splice acceptor sequence (SA), a fragment of CD4 
containing the transmembrane domain inserted in 
frame with j3geo (the LacZ-neomycin-phosphotrans- 
ferase fusion gene), together with a downstream inter- 
nal ribosome entry sequence (IRES), the placental al- 
kaline phosphatase (PLAP) gene, and the simian virus 
40 polyadenylation signal (8, 11, 12). PCR analyses 
indicated that the insertion of the secretory-trap vector 
resulted in the generation of a chimeric transcript con- 
taining the first exon of LGR4 fused to the /3-geo 
transcript, suggesting that the splicing occurred be- 
tween the splice donor (SD) site in exon 1 of the LGR4 
gene and the SA site of the trap vector (Fig. 1 B). 

To delineate the transgene insertion site, we per- 
formed PCR by using upstream primers complemen- 
tary to different regions of intron 1 and a downstream 
primer complementary to the 5' -end of the trap vector. 
We localized the insertion site for the secretory-trap 
vector within intron 1 of the LGR4 gene at 6324 bp 
upstream from the 3'-end of exon 1 (nucleotide posi- 
tion 9585590 of the chromosome 2 genomic contig 
sequence, GenBank accession no. NTJD39209) (Fig. 
1B). By combining three primers (primers A and B, 
complementary to two sequences in the 5'-region of 
the LGR4 intron 1 and primer C, complementary to the 
5'-end of the trap vector), we demonstrated the am- 
plification by PCR of an expected fusion gene product 
(A/C; Fig. 1C, lower panel) and the wild-type product 
(A/B; Fig. 1C, lower panel) in the heterozygous mice. 
Only the fusion gene product A/C is present in the 
homozygous mice. The chimeric transcript was pre- 
dicted to encode a truncated form of LGR4 that in- 
cludes its N-terminal leucine-rich repeat (LRRNT) ex- 
tracellular domain fused to the /3-galactosidase (Fig. 
1 B). The efficient translation of /3-galactosidase mRNA 
allowed convenient analysis of LGR4 expression 
by staining tissues with X-gal (5-bromo-4-chloro-3- 
indolyl-j3-D-galactopyranoside) in heterozygous and 
homozygous animals. 



LGR4 Expression Based on /3-Galactosidase 
Transgene Expression in Mutant LGR4 Mice 

Whole mount X-gal staining of heterozygous fetuses at 
embryonic d 19.5 (E19.5) to estimate the /3-galactosi- 
dase activity showed that the LGR4 gene was widely 
expressed in diverse tissues (Fig. 2 and Table 1). X-gal 
staining was observed in brain (periventricular area, 
PV; olfactory bulb, OB), nasal cavity (NC), spinal col- 
umn (S) (Fig. 2A, upper panel), rib cage (R), heart (H), 
and intestine (Fig. 2A, lower panel). In contrast, the 
wild-type fetus at E19.5 showed a background stain- 
ing only in the intestine (Fig. 2B, arrows). In the het- 
erozygous fetuses, kidney and adrenal gland (Fig. 2C), 
as well as stomach, bladder, bone, and cartilage (Ta- 
ble 1), also showed a strong /3-galactosidase expres- 
sion. In contrast, liver, thymus, lung (Fig. 2A, lower 
panel), spleen, pancreas, and skeletal muscle did not 
show X-gal staining (Table 1). In adult heterozygous 
mice, whole-mount X-gal staining showed a similar 
expression pattern in most organs similar to that found 
in the fetuses (Table 1). However, in the adult, /$- 
galactosidase expression was weaker in the heart but 
stronger in the liver (Table 1). 

To determine the exact cell types expressing the 
/3-galactosidase transgene, X-gal staining was done 
on selective organ sections of heterozygous and ho- 
mozygous newborns (day of birth, DO). In kidney sec- 
tions, the transgene was found in the epithelial cells of 
some tubules (t) (Fig. 2D, arrows) and Bowman's cap- 
sule of glomeruli (g) (Fig. 2D, arrowheads). The trans- 
gene was also expressed in the cardiac muscle of the 
heart, the epithelium, and the smooth muscle layer of 
the digestive tract of newborns (data not shown). Al- 
though no staining was apparent on the whole organ, 
low levels of staining were observed in liver, spleen, 
and medulla of thymus (Table 1). 

LGR4 Expression Based on 
Immunohistochemical Analysis of 
Endogenous LGR4 in Wild-Type Mice 

In addition to studies of transgene expression, we 
further analyzed endogenous LGR4 expression in 
wild-type animals by using a specific antibody gener- 
ated against the ectodomain of LGR4. In the kidney, 
specific LGR4 staining was found in epithelial cells of 
selective tubules (t) (Fig. 3A, arrows). In contrast, no 
immunoreactivity was observed in the kidney stained 
with the preimmune serum (Fig. 3B). A strong immu- 
noreactivity was also present in the zona fasciculata 
(f), but lower in the zona glomerulosa (g) of the adrenal 
gland (Fig. 3C). Furthermore, immunoreactive LGR4 
was found in the epithelial cells (e) of the gut (Fig. 3D, 
arrow), together with lesser staining in the muscularis 
mucosae layer (m) (Fig. 3D). In addition, positive stain- 
ing was found in the keratinized stratified squamous 
epithelium (e) of the nonglandular stomach (Fig. 3E, 
arrow). Only background immunoreactivity was ob- 
served in the stomach stained with the preimmune 
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Fig. 2. Diverse Tissue Expression of the /3-Galactosidase Reporter Gene Driven by the Endogenous LGR4 Promoter in LGR4 
Mutant Mice 

A, Whole-mount staining of heterozygous (+/-) animals at embryonic d 19.5 (E19.5). Transverse sections of the embryo 
showed /3-galactosidase activity in different organs. Upper panel, Positive staining in the periventricular (PV) area, olfactory bulb 
(OB), nasal cavity (NC), and spinal column (S). Lower panel, Positive staining in the heart (H), intestine, and ribs (R), and minimal 
staining in the liver. No staining was apparent in the thymus (T) and lung. B, Whole-mount staining of wild-type animals at E19.5 
served as a control. C, /3-Galactosidase activity in the kidney (K) and adrenal gland (Ad) at embryonic d 19.5 (E19.5) of 
heterozygous (+/-) but not wild-type embryos (+/+). D, /3-Galactosidase staining of kidney sections in null (-/-) newborns 
indicated strong staining in the parietal epithelium of Bowman's capsule (arrowheads) surrounding the glomerulus (g) and in the 
epithelium of some tubules (t) (arrows). Sections were counterstained with Nuclear Fast Red. 



serum (Fig. 3F). These data confirmed the wide tissue 
distribution of the LGR4 receptor observed using the 
X-gal staining. 

Perinatal Lethality of LGR4 Null Mice 

We compared the litter sizes among seven inter- 
crosses of wild-type (+/+) parents, 14 intercrosses of 
heterozygous (+/-) parents, and 14 intercrosses be- 
tween heterozygous (+/-) and wild-type (+/+) par- 
ents. As shown in Fig. 4 (DO), a 17% decrease in litter 
size was found in the heterozygous intercrosses (8.6 ± 
0.5 pups per litter) as compared with those from wild- 
type parents (10.4 ± 0.5 pups per litter). At weaning 
(Fig. 4; D21), further decreases in offspring survival 
were evident in heterozygous intercrosses (+/- x 
+/-; 6.5 ± 0.6 pups per litter) as compared with 
wild-type intercrosses (+/+ x +/+; 10 ± 0.4 pups per 
litter) (P < 0.05). 

We further genotyped individual pups from 27 het- 
erozygous intercrosses to estimate the ratio of wild- 



Table 1. Tissue Expression Pattern for LGR4 in 
Fetal/Newborn and Adult Mice 



Fetus/Newborn 



Adult 



Kidney 


+ 


+ 


Adrenal gland 


+ 


+ 


Stomach 


+ 


+ 


Intestine 


+ 


+ 


Bladder 




+ 


. Heart 


+ 


+/- 


Brain areas 


+ 


+ 


Bone/cartilage 


+ 


+ 


Liver 


+/- 


+ 


Lung 


+/- 




Spleen 


+/- 




Thymus 


+/- 


ND 


Pancreas 






Skeletic muscle 







Tissues expressing LGR4 were deduced based on the ex- 
pression of the /3-galactosidase transgene using whole- 
mount (E19.5 and adult mice) and tissue sections (newborn). 
+, Positive expression; +/-, low expression; negligible 
expression; ND, not determined. 
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Fig. 3. Immunolocalization of LGR4 in Wild-Type Newborn Mice Using Antibodies against the LGR4 Ectodomain 

A, Epithelial cells of selective cortical renal tubules (t) (arrows) in the kidney cortex showed positive staining. B, No staining was 
detected in the section of cortex incubated with nonimmune serum. C, The zona fasciculata (f) of the adrenal gland was 
immunoreactive in contrast to low staining in the zona glomerulosa (g). D, Intestinal epithelial cells (e) were stained positively 
(arrow), whereas the muscularis mucosae (m) showed minimal reactivity. E, The keratinized, stratified squamous epithelium of the 
nonglandular stomach (e) (arrow) showed positive staining. F, Background staining was detected in a stomach section incubated 
with nonimmune serum. 
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Fig. 4. Litter Size at Birth and d 21 of Age (D21) in Wild-Type and Mutant LGR4 Mice 

The number of pups per litter was determined from wild-type (+/+) and heterozygous (+/-) breedings at birth [d 0 (DO) and 
weaning (D21). Numbers in parentheses indicate the number of litters studied. Results are presented as the mean ± sem. *, P < 
0.05, -/- vs. +/+. 
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type, heterozygous, and null mice in the offspring. 
Based on the assumption that all wild-type pups, con- 
stituting 25% of offspring, are viable, we observed a 
decrease in the expected number of heterozygous and 
homozygous mice at birth (Table 2, upper portion). 
These data suggested that fetal death occurred during 
embryonic development, and only 40% of the ex- 
pected homozygous pups were born. These LGR4 null 
mice never showed any apparent signs of respiratory 
distress but were smaller in size and became progres- 
sively weaker after birth. Indeed, most (eight of 14) of 
the surviving LGR4 null newborns died postnatally at 
1 d after birth (D1). In addition, the heterozygous mice 
also showed embryonic lethality with 90% of the ex- 
pected heterozygous pups found at birth, and 19% (14 
of 73) of them died postnatally (Table 2, upper portion). 
Only one female and two male LGR4 null mice sur- 
vived until the adult stage (Table 2, upper portion). 
They did not present obvious differences in external 
phenotypes in comparison with their littermates. 
Breeding tests indicated that both male and female 
LGR4 null mice were infertile. After being killed, the 
two LGR4 null males showed swollen testes and kid- 
neys whereas the one LGR4 null female exhibited en- 
larged uteri. 

To confirm the embryonic lethality of mutant mice, a 
group of seven pregnant heterozygous mice were 
killed for the genotyping of their fetuses at embryonic 
day 19.5. As shown in Table 2 (lower panel), only 76% 
and 91 % of the expected homozygous and heterozy- 
gous pups were present, respectively. Furthermore, 
five of 13 (38.5%) homozygous fetuses at E19.5 were 



not viable at the time of surgery. These data confirm 
the predicted embryonic lethality of the LGR4 null 
fetuses. 

Decreases in Body Weight and Lower Kidney and 
Liver Weights in Newborn LGR4 Null Mice 

Although no gross morphological abnormalities were 
found for the LGR4 null mice, 14% and 20% de- 
creases (P < 0.05) in body weight were observed at 
birth and on day 1, respectively, as compared with 
their wild-type littermates (Fig. 5A). In contrast, there 
were no differences between the body weight of het- 
erozygous and wild-type mice. We further analyzed 
individual organ weights of these animals. The abso- 
lute organ weight of the kidney, liver, heart, lung, thy- 
mus, and spleen showed significant reduction in the 
homozygous newborns compared with the heterozy- 
gous and wild-type newborns (Fig. 5B). However, 
when the ratio of organ to body weight was compared, 
a major reduction of the ratio was found only for kidney 
and liver in the LGR4 null newborns as compared with 
the heterozygous and wild-type mice (Fig. 5C). 

Histological Analysis of Organs of LGR4 
Null Newborns 

The observed decreases in kidney weight in LGR4 null 
newborns was confirmed by histological analysis, 
showing a size reduction (Fig. 6, A and B). However, 
the kidneys from LGR4 null mice showed similar his- 



Table 2. Neonatal and Embryonic Lethality of LGR4 Null Mice 



Neonatal lethality 




+/+ 


+/- 


-/- 


Total 


No. of pups at birth 


Observed 


77 


138 


31 


246 




Expected 


77 


154 


77 






Observed/expected 


100% 


90% 


40% 




No. of pups dead after 




2/34 


14/73 


11/14 


121 fl 


birth/total pups 












Day of death 


DO (day of birth) 




1 








D1 


1 


11 


8 






D2 


1 


2 


1 






D4 






1 






D6 






1 












3 alive 




Embryonic lethality 






+/+ +/- 


-/- 


Total 


Number of pups in utero at E19.5 


Observed (alive/dead) 




17/0 31/3 


13/5 


61/8 




Expected 




17 34 


17 






Observed/expected 




100% 91% 


76% 




Genotyping was performed for intercrosses of heterozygous mice after birth. Based on the predicted ratio of wild-type and mutant 



animals at birth, embryonic lethality for LGR4 null mice could be inferred because only 40% of the expected homozygous pups 
were born. Most (eight of 14) of the surviving LGR4 null newborns showed postnatal lethality at 1 d after birth (D1). Although the 
heterozygous mice showed limited embryonic lethality (90% of the expected heterozygous pups were born), 19% of them died 
postnatally. Animal viability was recorded only for mice not used for experimental manipulation and after natural birth. To confirm 
embryonic lethality of mutant mice, genotyping was also performed at E19.5 (lower portion). Only 76% of the expected 
homozygous pups were present. Five of 1 3 homozygous fetuses were dead in utero. 

3 Fewer number of animals studied due to killing at birth to perform histological and serum analysis. 
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+/+ +/. ./. +/+ +/- -/- 



Fig. 5. Body and Organ Weights of Wild-Type and Mutant LGR4 Mice 

A, Body weight of newborns [d 0 (DO) and 1-d-old pups (D1)]. B, Absolute organ weights and (C) ratio of organ weight to body 
weight in wild-type and mutant newborns. Numbers inside the bars indicate the number of animals studied. Results are presented 
as the mean ± sem; \ P < 0.05, -/- vs. +/+ and +/-. 
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toarchitecture as compared with their wild-type coun- 
terparts (Fig. 6, A-D). No apparent difference in the 
cortico (co)-medullary (m) proportions and no obvious 
structural abnormality of the glomeruli (arrows) or tu- 
bules (arrowheads) were observed in the LGR4 null 
mice (Fig. 6D) as compared with wild-type animals 
(Fig. 6C). 

In addition to the kidney, the liver of LGR4 null 
newborns also showed a major weight reduction. 
However, histological analysis did not reveal any de- 
viations from normal structure (data not shown). Sim- 
ilarly, no gross or histological abnormalities were 
noted in the stomach, intestine, urinary bladder, heart, 
lung, spleen, thymus, or pancreas (data not shown). 

Lack of Changes in the Expression of IGF-I, 
IGF-II, and IGF Receptor Type-I (IGFR-I) in LGR4 
Null Mice 

Earlier experiments have demonstrated the impor- 
tance of the IGF signaling system for embryonic and 
neonatal body and organ growth (13-16). In particular, 
liver-derived IGF-I has been shown to be essential for 



in utero body growth (1 7), and kidney IGF-II is involved 
in renal development (18, 19). We tested possible 
changes in the expression levels of IGF-I, IGF-II, and 
IGFR-I transcripts in liver and kidney between wild- 
type and null newborn mice by RT-PCR. As shown in 
Fig. 7, no differences in the relative expression level of 
IGF-I, IGF-II, and IGFR-I in the liver (upper panel) and 
the kidney (lower panel) could be found between wild- 
type and null newborn mice. 

Assays of Serum and Urine Markers 

Serum chemistry analyses for blood urea nitrogen (BUN) 
and creatinine are routinely used to evaluate renal func- 
tions (20), and the liver function during perinatal period 
was assessed by the measurement of aspartate amino- 
transferase (AST) (21) and serum glucose levels (22). 
Serum and urine samples were collected at birth from 
wild-type and LGR4 mutant mice to perform marker 
tests. As shown in Table 3, no significant differences in 
serum glucose, AST, and BUN or urine BUN and creat- 
inine levels were found between wild-type, heterozy- 
gous, and homozygous newborn mice. 
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Fig. 6. Histological Analysis of Kidney in Wild-Type and LGR4 Null Newborn Mice 

Hematoxylin-eosin-stained sagittal section of the kidney from the LGR4 null newborn (B) demonstrates the smaller compared 
with its wild-type littermate (A). Higher magnification of a kidney section shows the cortex (co) and the medulla (m), which contain 
glomeruli (arrows) and tubules (arrowheads). Other than size, no obvious differences were observed between LGR4 null (D) and 
wild-type (C) animals. 



DISCUSSION 

LGR4 is an orphan receptor belonging to the LGR su- 
perfamily. Here, we characterized the expression pattern 
of LGR4 and investigated its physiological roles in null 
mice generated by a gene trap approach. Histochemical 
staining of endogenous LGR4 protein and /3-galacto- 
sidase transgene driven by the LGR4 gene promoter 
showed that LGR4 is highly expressed in kidney, adrenal 
gland, stomach, intestine, cartilage, bone, and heart of 
newborn mice. Genotyping and animal survival analysis 
of heterozygous intercrosses revealed embryonic lethal- 
ity of the LGR4 homozygous fetuses. For the LGR4 null 
mice that survived at birth, most of them died within the 
first 2 d of life. Furthermore, they showed a 14% de- 
crease in body weight at birth, together with decreases in 
kidney and liver weights of 30% and 40%, respectively. 
Histological analyses, however, did not reveal any kidney 
or liver abnormalities. The observed pre- and postnatal 
lethality, as well as the IUGR of LGR4 null mice, underlies 
the importance of the LGR4 signaling system for the 
survival and the growth of animals during the perinatal 
stage. 

LGR4 null mice were generated using the secretory 
trap approach (9, 1 1 , 1 2). The trapping of the LGR4 gene 



generated a fusion protein consisting of a portion of 
the extracellular domain of the LGR4 receptor fused 
to an intracellular membrane-tethered /3-galactosidase 
enzyme. The fusion proteins were sequestrated in the 
endoplasmic reticulum, minimizing any effect they may 
have at the cell surface (8). Creation of the LGR4 null 
mice was demonstrated by the PCR amplification of a 
fusion product between the LGR4 intron 1 and the trap 
vector, the absence of LGR4 wild-type transcripts, and 
the detection of the /3-galactosidase activity. 

Taking advantage of the expression of the /3-galacto- 
sidase reporter gene driven by the endogenous LGR4 
promoter, the expression of LGR4 was studied in het- 
erozygous and homozygous mice (11). X-gal staining 
and PCR analysis (data not shown) of tissues from trans- 
genic fetuses and newborns showed that the LGR4 gene 
was highly expressed in diverse tissues. Immunohisto- 
chemical staining of LGR4 of wild-type tissues further 
confirmed the LGR4 gene expression pattern, with high 
levels in epithelial cells of the kidney tubules and the gut, 
in the cardiac muscle, and in the zona fasciculata of the 
adrenal gland. A similar tissue expression profile was 
found in the adult, with the exception of higher expres- 
sion of LGR4 in the liver and lower expression in the 
heart. These data are consistent with earlier analysis of 
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LGR4 mRNA expression based on Northern blotting (7). 
Using the transgene expression analysis, we did not 
confirm the high expression of LGR4 mRNA in muscle 
observed by Loh et al. (7). The nature of this apparent 
discrepancy is not clear. Although similar patterns of 
LGR4 mRNA expression were found for most human 
tissues, human pancreas showed the highest transcript 
level (1 , 7), perhaps due to species variations. Neverthe- 
less, overall results suggest a wide tissue expression of 
LGR4. In addition to its expression in adults, LGR4 is also 
expressed in embryos (7) and could be involved in em- 
bryonic development. 




IGF-I IGF-II IGFR-I 




IGF-I IGF-II IGFR-I 



Fig. 7. IGF-I, IGF-II, and IGFR-I Transcript Levels in Liver 
and Kidney of Wild-Type and LGR4 Null Newborn Mice 

Real-time PCR was performed to estimate the mRNA lev- 
els for IGF-I and related genes in liver (top panel) and kidney 
(lower panel). /3-Actin transcript levels were also estimated for 
all samples to derive the target gene//3-actin ratios. Numbers 
inside the bars indicate the number of animals studied. Re- 
sults are presented as the mean ± sem. 



LGR4 null mice showed a 14% reduction in body 
weight at birth, associated with pronounced decreases 
of kidney and liver weights. Similar weight reductions 
were observed in newborns of humans, rodents, and 
pigs exhibiting the syndrome of IUGR (23-27). Although 
IUGR has been associated with intrauterine infections, 
genetic factors, uteroplacental deficiency, and diseases 
of the mother, the causes for 40% of these cases are still 
unknown (28). Defects in the IGF and insulin pathways 
constitute examples of hormonal signaling abnormalities 
associated with IUGR (29, 30). The present finding of 
severe IUGR phenotypes in LGR4 null mice suggested 
that the LGR4 receptor pathway could be important in 
fetal growth. 

Similar to LGR4 null mice, low body weight at birth 
has been found in mice with the mutated IGF-I, IGF-II, 
and IGFR-I gene (14, 15, 31, 32). Tissue-specific de- 
letion of IGF-I in the liver further revealed that hepatic- 
derived IGF-I was necessary for intrauterine growth 
(17). However, in LGR4 null mice, hepatic IGF-I, IGF-II, 
and IGFR-I transcript levels were not changed, sug- 
gesting circulating levels of IGFs were maintained in 
LGR4 null newborns. Furthermore, LGR4 null mice did 
not show impaired development of the diaphragm and 
intercostal muscles found in IGF-I null mice (15). More- 
over, an increase in liver weight was found in IGF-I null 
mice (14), whereas a decrease in liver weight was 
observed In LGR4 null mice. Apart from the common 
growth retardation found in LGR4 and IGF-II null new- 
borns, IGF-II null mice did not exhibit perinatal lethality 
(31). These data suggest that the severe defects of 
LGR4 deficiency cannot be explained by decreases in 
IGF-II expression during embryonic development. 

Although IUGR is usually associated with increases 
in perinatal mortality, the LGR4 null mice showed a 
more severe phenotype. Most of the LGR4 null new- 
born mice (eight of 14) and some heterozygotes (1 1 of 
73) died on the first day after birth. However, these 
pups breathed normally, and milk was found in their 
stomachs. They became progressively weaker and 
eventually showed postnatal lethality due to unknown 
causes. The observed lethality of heterozygous LGR4 
pups suggests the importance of the LGR4 gene in 
newborn survival. The essential role of LGR4 in overall 



Table 3. Serum and Urine Markers in Wild-Type and Mutant LGR4 Mice 



+/+ +/- -/- 



Serum 

Glucose (mg/dl) 35 ± 6 (3) 21+8 (3) 23 ± 6 (7) 

AST (lU/liter) 1 56 ± 1 3 (6) 1 71 ± 22 (7) 200 ± 22 (1 2) 

BUN (mg/dl) 22 ± 2 (10) 24 ± 3 (8) 20 ± 6 (3) 
Urine 

BUN (mg/dl) 89 ±12 (7) 79 ±12 (16) 153 ± 41 (4) 

Creatinine (mg/dl) 4 ± 1 (7) 4 ± 1 (16) 6 ± 1 (4) 

BUN/creatinine 25 ±3(7) 22 ±3 (10) 24.5 ± 1 (4) 



Serum and urine samples were collected on the day of birth and used to measure various markers for kidney and liver functions. 
Mean ± sem. Numbers in parentheses indicate the number of animals analyzed. No statistically significant differences were found 
between different groups. 
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development was underscored by intrauterine death, 
evidenced by a reduced number of homozygous and 
heterozygous pups at birth and by the presence of 
nonviable fetuses in utero. 

In LGR4 null mice, the kidney showed a 30% weight 
reduction compared with wild-type animals. This phe- 
notype could be the consequence of defects in renal 
morphogenesis, which is dependent upon the IGF sig- 
naling system (33). IGF-I, IGF-II, and IGFR-I are ex- 
pressed in the mouse fetal kidney and IGF-II is the 
major fetal form essential for kidney differentiation (19) 
and metanephros growth (18). However, in the kidneys 
of LGR4 null newborns, we did not observe a decrease 
in IGF-I, IGF-II, and IGFR-I mRNA levels, suggesting 
that the IGF paracrine system was not disrupted at this 
stage of development. Indeed, histological analysis of 
kidney sections did not show any structural abnormal- 
ities. Using platelet-endothelial cell adhesion mole- 
cule-1 immunostaining of the endothelial cells of the 
glomeruli capillaries (34), we did not observe obvious 
abnormalities in the vascularity of the glomeruli in 
LGR4 null newborn kidneys (data not shown). Like- 
wise, serum BUN levels were similar in wild-type, het- 
erozygous, and homozygous newborns. These data 
suggest that the kidney filtration ability was not altered 
in LGR4 null mice, and kidney malfunction does not 
likely account for the perinatal death of the newborns. 

LGR4 gene disruption affected liver growth with a 
40% weight reduction. However, we did not observe 
hepatic structural abnormalities in LGR4 null mice. 
Disproportionate alteration of the fetal liver mass has 
been described in disorders that cause augmented or 
diminished somatic growth. In the rat, IUGR induced 
by artery ligation or maternal fasting is associated with 
a 30% decrease in liver weight (23, 35). However, our 
data showed that LGR4 expression was minimal in 
newborn liver, suggesting that the observed liver ab- 
normality could be due to LGR4 action in extrahepatic 
sites. Despite the observed reduction in liver size in 
LGR4 null mice, we did not observe impaired liver 
function. Serum levels of the hepatic enzyme, AST 

(21) , were similar between wild-type and null new- 
borns. We also did not detect significant changes in 
serum glucose levels. Glucose is a major metabolic 
fuel during perinatal development, and failure to cor- 
rect postnatal hypoglycemia is lethal in neonatal rats 

(22) . Normal serum glucose levels observed in LGR4 
null newborn suggest that liver glycogenolysis and 
gluconeogenesis were not altered (22, 36). 

The present results demonstrate the wide tissue 
expression of LGR4 and the importance of this orphan 
receptor in embryonic and neonatal development. The 
observed decreases in body growth and organ devel- 
opment suggest an IUGR phenotype. Both fetal and 
perinatal mortality occurred, not allowing the identifi- 
cation of a single cause of death. Future development 
of tissue-specific LGR4 null mice is needed to eluci- 
date the essential role of LGR4 in kidney and diverse 
other tissues expressing this orphan receptor. In ad- 
dition, the eventual identification of the cognate ligand 



for this receptor could further advance our under- 
standing of the physiological roles of this ligand/re- 
ceptor system during fetal and neonatal development. 



MATERIALS AND METHODS 

Generation of Transgenic Mice by the Gene- 
Trap Strategy 

LGR4 null mice were generated based on the secretory-trap 
approach as previously described (8, 1 1 , 1 2) by disrupting the 
endogenous LGR4 gene (Fig. 1 B). The secretory-trap vector 
(pGT0,1 ,2tm-pfs, 1 1 .98 kb) includes the mouse En-2 SA se- 
quence, a fragment of CD4 containing the transmembrane 
domain inserted in frame with 0geo (the LacZ- neomycin- 
phosphotransferase fusion gene) together with a down- 
stream IRES, the PLAP gene, and the simian virus 40 poly- 
adenylation signal in the pGTItm vector (Fig. 1B) (8, 11 , 12). 
PCR analyses indicated that transcript splicing occurred be- 
tween the splice donor site in exon 1 of the LGR4 gene and 
the SA site of the trap vector. This insertion resulted in the 
generation of two proteins. The first chimeric protein com- 
posed of the first 151 amino acids of LGR4 corresponding to 
the LRRNT type domain fused to the transmembrane region 
of CD4, together with the /3-galactosidase enzyme encoded 
by the trap vector. Due to the presence of the IRES, the PLAP 
protein was also generated. 

Mouse Husbandry and Genotyping 

Mice were housed under controlled humidity, temperature, 
and light regimen and fed ad libitum. Animal care was con- 
sistent with institutional and NIH guidelines. Heterozygous 
C57BI/6J mice were intercrossed with Swiss Webster mice; 
35 intercross litters were obtained by pairing male and female 
animals overnight. The day when the copulation plug was 
observed was considered as embryonic d 0.5 (E0.5) whereas 
the day of birth was designated as d 0 (DO). Approximately 
250 mice (27 litters) from heterozygous intercrosses were 
genotyped to perform the present study. For genotyping, 
genomic DNA was isolated from tail biopsy specimens using 
the genomic DNA extraction kit (Promega Corp., Madison, 
Wl). PCR was carried out using three primers (Fig. 1C): 
upstream primer A, 5 ' -CCAGTCACCACTCTTACACAATGG- 
CTAAC-3' (nucleotide 9585044 to 9585072 in the mouse 
chromosome 2 contig) located in intron 1 of LGR4; down- 
stream primer B, 5 '- ATTCCCGTAGG AGATAGCGTCCTAG- 
3' (nucleotide 9586038 to 9586062) in intron 1 of LGR4; and 
the second downstream primer C, 5'-GGTCTTTGAGCAC- 
CAGAGGAC-3' (5 '-end of the trap vector). Two PCR prod- 
ucts were expected: the wild -type PCR product A/B (805 kb) 
and the transgene PCR product A/C (650 kb). Due to the 
insertion of the large 1 1 .98-kb trap vector between primer A 
and primer B, the A/B PCR product could not be amplified 
in the transgene allele under the present PCR conditions 
(Fig. 1C). 

X-gal Staining and Histological Analyses 

To perform X-gal staining in heterozygous and homozygous 
newborns, whole embryos (E19.5) or organs were dissected 
in PBS and incubated with the 0-galactosidase fixative (0.2% 
glutaraldehyde, 1.5% formaldehyde, 2 mM MgCI 2 , 5 mM 
EGTA, 0.1 m sodium phosphate buffer, pH 8) for 1 5 min to 5 h. 
Skin was removed from embryos before fixation. Tissues 
were washed three times for 30 min in the washing buffer [0.1 
m sodium phosphate buffer (pH 8), 2 mM MgCI 2 , 5 mw EGTA, 
0.01% (wt/vol) sodium deoxycholate, 0.02% (vol/vol) Nonidet 
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P40]. Subsequently, tissues were incubated in the staining 
solution [washing buffer containing 5 mM K 3 Fe(CN) 6 , 5 itim 
K 4 Fe(CN) 6 -6 H 2 0, and 1 mg/ml X-Gal (5-bromo-4-chloro-3- 
indolyl-j3-D-galactopyranoside (Invitrogen, Carlsbad, CA)] for 
3 h at room temperature. The tissues were then rinsed in PBS 
before fixation in 3.7% formaldehyde overnight at 4 C. Pho- 
tography was performed with transillumination using a dis- 
secting microscope (Leica Microsystem, Bannockbum, IL). 
Wild-type newborns were used as negative controls. To per- 
form /3-galactosidase staining of tissue sections, organs were 
embedded in Tissue-Tek (Sakura Finetek, Torrance, CA), fro- 
zen on dry ice, and stored at -80 C. Cryosections (8 /xm 
thickness) were dried for 1 h at room temperature. Fixation 
and staining were performed as described for whole organ 
processing. Counterstaining with Nuclear Fast Red (Sigma- 
Aldrich, St. Louis, MO) was performed before dehydration, 
clearing in Neo-clear (EM Science, Gibbstown, NJ), and cov- 
erslipping with Permount (Fisher Scientific, Santa Clara, CA). 

For histological analysis, different organs from newborns 
were weighed and fixed by immersion in Bouin's fixative for 
16 h. After dehydration and embedding, paraffin blocks were 
sectioned at 4 /xm thickness and stained with hematoxylin 
and eosin using standard procedures. 

LGR4 immunohistochemical analysis was performed using 
rabbit polyclonal antibodies against the ectodomain of the 
receptor. For LGR4 antibody production, cDNA correspond- 
ing to the ectodomain of human LGR4 was subcloned into 
the pcDNA3.1Zeo vector (Invitrogen, San Diego, CA) and 
stably transfected in 293T cells. The LGR4 ectodomain pro- 
tein was purified using Nickel-affinity columns and emulsified 
in Freud's adjuvant before injection into rabbits to generate 
polyclonal antibodies. IgG was purified from bleeds using the 
Protein G Sepharose 4 Fast Flow column (Amersham Bio- 
sciences Corp., Piscataway, NJ). This specific LGR4 anti- 
serum (dilution 1 :1 000) was used to localize LGR4 expression 
in wild-type newborn mice. Substitution of the primary anti- 
body with the rabbit preimmune serum served as the nega- 
tive control. Staining was performed using the Histostain- 
SPAEC kit following manufacturer's instructions (Zymed 
Laboratories, Inc., South San Francisco, CA). 

Quantification of IGF-I, IGF-II, and IGFR-I Transcript 
Levels Based on Real-Time PCR Analysis 

mRNAs were extracted from different organs using the RNAe- 
asy kit (QIAGEN, Valencia, CA). cDNA was synthesized with the 
Omniscript reverse transcriptase (QIAGEN) using the oligo-dT 
primer (Invitrogen). PCR was performed using SmartCycler (Ce- 
pheid, Inc., Sunnyvale, CA) according to the manufacturer's 
protocol. The primers and probes for real-time PCR were as 
follows. IGF-I: sense, 5' -GATACACATCATGTCGTCTTCACAC- 
3'; antisense, 5'-GAACTGAAGAGCATCCACCAG-3' ; probe, 
5'-6-carboxy-fluorescein (FAM)-CTCTTCTACCTGGCGCTCT- 
GCTTG-6-carboxy-tetramethyl-rhodamine (TAMRA)-3'; IGF-II: 
sense, 5'-GACCGCGGCTTCTACTTCAGCA-3' ; antisense, 5'- 
GGAAGCAGCACTCTTCCACGATG-3 ' ; probe, 5'-FAM-CTTC- 
AAGCCGTGCCAACCGT-TAM RA-3 ' ; IGFR-I: sense, 5'-GAC- 
ATCTACGAGAC-GGACTACTACC-3' , antisense, 5'-AGAATG- 
AGTAGTGAAGACACC ATCC-3 ' ; probe, 5 ' -FAM-TGCCTGTG- 
CGCTGGATGTCT-TAMRA-3' ; and /3-actin: sense, 5'-GGAC- 
CTGACGGACTACCTCATG-3'; antisense, 5 ' -TCTTTGATGTC- 
ACGCACGATTT-3' ; probe, 5'-FAM-CCTGACCGAGCGTGGC- 
TACAGCTTC-TAMRA-3' . To determine the copy number of 
target transcripts, IGF-I, IGF-II, IGFR-I, and 0-actin cDNAs were 
used to generate calibration curves by plotting the threshold 
cycle (Ct) vs. the known copy number for each plasmid tem- 
plate. The copy numbers for target samples were determined 
according to the calibration curve. To correct for differences in 
RNA extraction, data were normalized by dividing the copy 
number of the target cDNA by that of /3-actin. 



Blood and Urine Analysis 

Blood was collected from the aorta of newborn mice in 50-/jJ 
nonheparinized capillary tubes. After clotting of blood, serum 
samples were analyzed for AST, glucose and BUN content 
after 1 :5-1:20 dilutions. Urine was collected in 50-/xl capillary 
tubes after gentle massage of the bladder. Urine samples 
were also analyzed for their BUN and creatinine content. All 
tests were performed by Stanford's Veterinary Service Cen- 
ter's diagnostic laboratory using standard procedures. 

Data Analysis 

All experimental data are presented as the mean ± sem. Statis- 
tical significance was determined by ANOVA for multiple-group 
comparisons and by Tukey's post-test. Significance was ac- 
cepted at P < 0.05. 
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Neonatal Lethality of LGR5 Null Mice Is Associated with 
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The physiological role of an orphan G protein-coupled receptor, LGR5, was investigated by targeted deletion 
of this seven-transmembrane protein containing a large N-tenninal extracellular domain with leucine-rich 
repeats. LGR5 null mice exhibited 100% neonatal lethality characterized by gastrointestinal tract dilation with 
air and an absence of milk in the stomach. Gross and histological examination revealed fusion of the tongue 
to the floor of oral cavity in the mutant newborns and immunostaining of LGR5 expression in the epithelium 
of the tongue and in the mandible of the wild-type embryos. The observed ankyloglossia phenotype provides a 
model for understanding the genetic basis of this craniofacial defect in humans and an opportunity to elucidate 
the physiological role of the LGR5 signaling system during embryonic development 



The leucine-rich repeat-containing, G protein-coupled re- 
ceptors (LGRs) designated LGR4 through LGR8 are structur- 
ally similar to receptors for gonadotropins and thyrotropin (11, 
12). These receptors are characterized by a large N- terminal 
extracellular domain containing leucine-rich repeats followed 
by a seven-transmembrane region. Phylogenetic analyses 
showed three LGR subgroups: the glycoprotein hormone re- 
ceptors; the subgroup of LGR4, LGR5, and LGR6; and a third 
subgroup represented by LGR7 and LGR8 recently found to 
be receptors for the relaxin family ligands (13, 15, 23). Evolu- 
tionary analyses suggested that these three subgroups of LGRs 
existed before the divergence of vertebrates and invertebrates 
(10). LGR5, also known as GPR49, HG38, or FEX, is a large 
protein consisting of 18 extracellular leucine-rich repeats to- 
gether with a seven-transmembrane region (8, 12, 17). Unlike 
LGRs in the other two subgroups, the ligands and physiolog- 
ical functions for the LGR4, LGRS, and LGR6 genes are 
unclear. 

Ankyloglossia is a rare human craniofacial defect associated 
with difficulties in an infant's ability to breast-feed and defec- 
tive speech articulation (6, 16, 18). In patients with this disor- 
der, the lingual frenulum, which attaches the tongue to the 
floor of the oral cavity, extends to the tip of the tongue, thereby 
preventing optimal tongue movement. Limitation of tongue 
movement may vary from very mild to complete fusion of the 
tongue to the floor of the mouth. Ankyloglossia in breast- 
feeding infants can cause ineffective latch, inadequate milk 
transfer, and maternal nipple pain, resulting in slower weight 
gain and untimely weaning. Some cases of ankyloglossia are 
associated with cleft palate (CPX; MIM 303400; OMIM data- 
base, Johns Hopkins University, Baltimore, Md.) and are in- 
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herited as an X-linked disorder caused by mutations in TBX22, 
a T-box transcription factor gene located in Xq21 (3). 

In an attempt to elucidate the physiological roles of the 
subgroup of orphan LGRs consisting of LGR4, LGR5, and 
LGR6, we performed gene deletion experiments with LGR5 
using a mouse model. Here, we report that the LGR5 null mice 
exhibit neonatal lethality associated with ankyloglossia charac- 
terized by fusion of the tongue to the floor of the mouth 
leading to the inability to nurse and neonatal mortality. 

MATERIALS AND METHODS 

Generation and genotyping of LGRS null mice. A targeting vector was con- 
structed in which exon 18 of the LGR5 gene was replaced with a neomycin 
resistance gene derived from the MCI neo vector (Fig. 1A). Lex-1 embryonic 
stem (ES) ceils were electroporated with the targeting vector before selection of 
the cells expressing the targeted allele for the generation of chimeric mice. LGR5 
mutant mice were obtained by mating chimeric mice with C57BL/6 mice. Mice 
were housed in the Stanford Research Animal Facility, and all procedures were 
approved by the Institutional Care and Use Committee. Intercross litters were 
obtained by pairing heterozygous male and female animals overnight. The day 
the vaginal plug was observed was considered as embryonic day 0.5 (E0.5). 

For genotyping, genomic DNA was extracted from tail tips of neonates with a 
genomic DNA extraction kit (Promega, Madison, Wis.). PCR was carried out 
with three primers (Fig. 1A): upstream primer A (5 ' -CCTC n I G CT AAACCT 
CACC-3') located in exon 18 of LGR5; the second upstream primer, B (5'-GC 
AG CG C ATCG CCTTCTATC-3 ' ) , located at the 3' end of the targeting vector; 
and the downstream primer, C (5 ' - ACG AGTCTTCTC ACTATG G G- 3 ') , lo- 
cated at the 3' end of the targeting vector. Two PCR products were expected: a 
673-kb product from wild-type alleles amplified by primers A and C and a 467-kb 
product from the targeted alleles amplified by primers B and C. 

Estimation of LGR5 transcript levels based on real-time RT-PCR. Total RNA 
was extracted from different organs by employing the RNAeasy kit (QIAGEN, 
Valencia, Calif.) before cDNA synthesis using Advantage reverse transcriptase 
(BD Bioscience, Franklin Lakes, N J.) and the oligo(dT) primer (BD Bioscience, 
Franklin Lakes, N.J.). PCR was performed in the SmartCycIer (Cepheid, Inc., 
Sunnyvale, Calif.) according to the manufacturer's protocol. To test if the trans- 
gene containing the N-terminal extracellular domain (ectodomain) of LGRS was 
expressed in the LGR5 null mice, we performed additional reverse transcription- 
PCR (RT-PCR) by amplifying the LGR5 ectodomain region with two pairs of 
primers: sense primers a (5'-CCTCTGCTTCCTAGAAGAGTTAC-3') and c 
(5'TCAGTATGAACAACATCAGTCAG-3') and antisense primers b (5'-CTA 



9736 



Vol. 24, 2004 



NEONATAL LETHALITY OF LGR5 NULL MICE 9737 



LGR5 protein 



SP 18 Leucine-rich repeat domains f 7 Transmembrane region C-tal l 

mm ill || 

-itfllrlrllr- 



JL 



I 1 

EXON 1 



LGR5 gene 



G 




INTRON 1 » 2 



E15 EW. 
wild type allele 1 I 

ff- 




E17 



E18 / 



targeting vector 



E16 




E17 



lacZ/MCl neo 




467b 



targeted allele 



E15 




lacZ/MCl neo 




B 



A 



Signal 

peptide Ectodomain 

LGR5 H 



7 Transmembrane 
region 



Primers A & C — ► 
Primers B & C — ► 




bp 
4000 

1000 

750 
500 



Primers a & b 



Primers c &d 



-A +A +/+ 




B-actin 



+/+ -A 
adrenal 



+! /+ -A 

liver 



+/+ -A 

adrenal 



liver 



c 



FIG. 1. Targeted disruption of the LGR5 genes and genotyping of LGR5 null mice. (A) Schematic representation of LGR5 genomic DNA, the 
targeting vector, and the disrupted gene. The LGR5 gene contains 18 exons, with exon 1 encoding the signal peptide for secretion (SP) and the 
N-terminal leucine-rich repeat domain. Exons 2 to 17 encode the 17 leucine-rich repeat (LRR) domains, and exon 18 encodes the seven- 
transmembrane region plus the C-terminal tail. In the targeting vector, the transgene containing the LacZ-MCl neo cassette replaced exon 18 of 
the LGR5 gene, leading to the loss of LGR5 expression in the targeted allele. (B) PCR genotyping of wild-type (+/+), heterozygous (+/-), and 
LGR5 null (-/-) mice. Triplex PCR was performed with genomic DNA as the template together with three primers. Primers A and C allowed 
the amplification of an LGR5 gene fragment (673 bp) in the wild-type allele, whereas primers B and C amplified a chimeric gene fragment (467 
bp) in the mutant allele. In heterozygous animals, both PCR products were generated. (C) Lack of expression of the LGR5 ectodomain-LacZ 
transgene in LGR5 null mice. (Top panel) Location of two sets of primers used to amplify the ectodomain of LGR5. (Lower panel) Amplification 
of LGR5 transcripts (a and b primers, 524 bp; c and d primers, 540 bp) in wild type (+/+) but not LGR5 null (-/-) mice. The levels of p-actin 
serve as positive controls. 



GTTCCTTAAGGTTGGAGAGT-3' ) and d (5 ' -TTG CAGTGG G G AATTC AT 
CAAGGTTATTAT-3'). The primers for p-actin were sense primer 5'-GGACC 
TG ACGG ACTACCTCATG -3 ' and antisense primer 5^TCTTTGATGTCACG 
CACGATTT-3'. The following primers and probes were used for real-time PCR: 
LGR5 sense 5 ' -CTTCCG AATCGTCG ATCTTC-3 ' and antisense 5'-AACGAT 
CG CTCTCAG G CT AA-3 ' , probe 5'-6-carboxy-fluorescein (FAM)-TCACTCT 



GGCAGCGCTGGAA-6-carboxy-fluorescein (FAM )- CTCTTCT ACCTGG CG 
CTCTGCTTG-6-carboxy-tetramethyl-rhodamine (TAMRA)-3\ p-actin sense 
5'-GGACCTGACGGACTACCTCATG-3' and antisense 5 ' -TCTTTG ATGTC 
ACGCACGATTT-3', and probe 5'FAM-CCTGACCGAGCGTGGCTACAGC 
TTC-TAMRA-3'. To determine the copy number of target transcripts, LGR5 
and p-actin cDNAs were used to generate calibration curves by plotting the 
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TABLE 1. Neonatal lethality of LGR5 null mice* 



Parameter 




Mouse group 




Total 


Wild type 


Heterozygous 


Homozygous 


No. of pups 


32 


74 


35 


141 


No. of neonatal deaths 


2 


4 


35 


41 


Body wt at birth (g) 


1.45 ± 0.18 


1.48 ± 0.17 


1.39 ± 0.12 





a Genotyping was performed for intercrosses of heterozygous mice at the day 
of birth. In a total of 141 mice from 15 litters, the ratio of wild-type, heterozy- 
gous, and LGR5 null mice was 1:2.3:1.1. Although wild-type and heterozygous 
mice showed limited neonatal lethality (2 of 32 = 6.3% and 4 of 74 = 5.4%, 
respectively), all 35 of the LGR5 null newborns died within 24 h of birth. 



threshold cycle (Ct) versus the known copy number for each plasmid template. 
The copy numbers for target samples were determined according to the calibra 
tion curve. To correct for differences in RNA extraction, data were normalized 
by dividing the copy number of the target cDNA by that of 0-actin. 

Expression of recombinant antigenic epitopes for LGR5 and generation of 
LGR5 antibody. The primary sequences encoding the ectodomain of human 
LGR5 cDNA were used to predict their antigenicity (14). A region correspond- 
ing to amino acids 22 to 141 of LGR5 was amplified from the plasmid containing 
full-length LGR5 cDNA and subcloned into the pET21a vector (Novagen, EMD 
Biosciences, San Diego, Calif.). Primer pairs for the selected epitope were 
designed as follows: sense 5'-GGCAGCTCTCCCAGGTCT-3' and antisense 
5'-GCAGAATTTGCGAAGCCTTCAA-3\ Expression of recombinant protein 
was induced in Escherichia coli strain BL21/n:B(DE3) (Novagen, EMD Bio- 
sciences) with 1 mM isopropyl-l-thio-p-r>galactopyranoside at 37°C for 4 h. 
Recombinant protein with six-His tag was then purified from the inclusion body 
dissolved in 8 M urea by metal chelate chromatography. The protein was emul- 
sified in Freund's adjuvant before injection into rabbits to generate polyclonal 
antibodies to LGR5. 

Generation of the ectodomain of LGR5 in eukaryotic cells and immunoblot- 
ting analyses. A eukaryotic cell expression plasmid encoding the entire ectodo- 
main (amino acid residues 22 to 508) of human LGR5 was transfected into 
human 293T cells. Clonal cell lines stably expressing a recombinant protein 
encoding the ectodomain of LGR5, named 5BP, were grown in Dulbecco's 



modified Eagle's medium (DMEM) combined with F-12 medium (DMEM/F-12) 
with 10% fetal bovine serum. After the cells were confluent, media were replen- 
ished with serum-free DMEM/F-12. Three days later, the media were collected, 
centrifuged, and filtered through 0.22-^m-pore-diameter filters (Corning, Cam- 
bridge, Mass.). Conditioned media containing recombinant 5BP were then pu- 
rified by metal chelate chromatography. To verify the specificity of the LGR5 
antibody, conditioned media containing the soluble 5 BP were analyzed with 
immunoblots. Samples were fractionated by electrophoresis in a 7.5% polyacryl- 
amide gel. Some samples were pretreated with /V-glycosidase F (New England 
Biolabs, Inc., Beverly, Mass.) to confirm the glycoprotein nature of 5BP. Proteins 
were transferred to polyvinyl idene difluoride membranes (Hybond-P; Amersham 
Pharmacia Biotech, Piscataway, N.J.). Subsequently, immunoblotting was per- 
formed with rabbit polyclonal antibodies to LGR5 followed by incubation with a 
horseradish peroxidase-conjugated donkey anti-rabbit immunoglobulin G before 
immunofluorescent imaging with the ECL enhanced chemiluminescence West- 
ern blot system (Amersham). 

Gross morphology as well as histological and immunohistochemical analyses. 
Newborn pups were euthanized with C0 2 and fixed in toto by immersion in 
Bouin's fixative for 16 h before paraffin embedding. Blocks were sectioned at a 
4-u.m thickness and stained with hematoxylin and eosin by standard procedures. 
Immunohistochemical analysis was performed with rabbit polyclonal antibodies 
against LGR5. Substitution for the primary antibody with rabbit preimmune 
serum served as the negative control. Staining was performed with the His- 
tostain-SPAEC kit following the manufacturer's instructions (Zymed Laborato- 
ries, South San Francisco, Calif.). 

Data analysis. All experimental data are presented as the mean ± standard 
error. Statistical analysis was performed with Statview 4.5 (Abacus Concepts, 
Berkeley, Calif.) software. Data were analyzed with the Mann-Whitney U test. 
Significance was accepted at P < 0.05. 

RESULTS 

Based on recombinant DNA targeting, the LGR5 gene was 
disrupted in mice following the replacement of exon 18 encod- 
ing the seven-transmembrane region with a transgene contain- 
ing selection markers (Fig. 1A). ES cells expressing the tar- 
geted allele were selected to derive chimeric mice for 
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FIG. 2. Tissue expression pattern of LGR5 in mice. Real-time RT-PCR analyses were performed to estimate LGR5 transcript levels in diverse 
tissues from neonatal (left panel) and adult (right panel) mice. Results are expressed as the ratios between LGR5 and 0-actin transcripts for 
normalization. 
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FIG. 3. Characterization of LGR5 antibodies and immunostaining of LGR5 in adrenal gland. (A) Immunoblot analyses of affinity-purified 5BP 
corresponding to the ectodomain of LGR5. Some samples were pretreated with N-glycosidase to remove N-linked carbohydrate side chains. 
(B) Immunostaining of LGR5 in the adrenal glands of adult mice. Ab, antibody; C, cortex; M, medulla; R, zona reticularis. 
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subsequent generation of LGR5 null mice. Genotyping was 
performed at birth by multiplex PCR analyses to amplify 
LGR5 gene fragments with or without the transgene (Fig. IB). 
Because our p-galactosidase staining in mutant mice suggested 
a lack of expression of the transgene encoding the ectodomain 
of LGR5 fused to LacZ (data not shown), we further per- 
formed RT-PCR analyses in neonates to completely rule out 
the expression of LGR5 transcripts in mutant animals. Using 
two pairs of primers corresponding to the ectodomain of 
LGR5, RT-PCR analyses indicated a lack of expression of this 
region in LGR5 null mice as compared with the high expres- 
sion in adrenal gland and liver of wild-type littermates (Fig. 
1C). Comparable levels of expression of the p-actin transcripts 
in both mutant and wild-type animals served as positive con- 
trols. 

Based on the expected Mendelian ratio of wild-type and 
mutant animals following mating of heterozygous mice, em- 
bryonic lethality of LGR5 null mice could be excluded (Table 
1). Although no significant difference in body weight was ob- 
served at birth among different groups of animals {P > 0.05), 
all the LGR5 null mice died within 24 h after parturition. 



To further understand the role that deletion of LGR5 plays 
in the death of LGR5 null mice, the expression of LGR5 in 
diverse tissues was analyzed by performing real-time PCR and 
immunostaining in wild-type mice. As shown in Fig. 2, LGR5 
transcripts were detected in multiple tissues, with adrenal 
glands and liver showing the highest levels in both neonatal 
and adult animals. In adrenal glands, the LGR5 transcript was 
higher in the cortex but significantly lower in the medulla. We 
further generated a fragment (amino acids 22 to 141) of LGR5 
in prokaryotic cells and purified the epitope-tagged protein for 
the generation of LGR5 antibodies. As shown in Fig. 3A, 
immunoblotting utilizing this antibody detected the purified 
recombinant 5BP derived from eukaryotic cells as an N-linked 
glycoprotein. Using this antibody, immunohistochemical anal- 
yses indicated that LGR5 was highly expressed in the outer 
adrenal cortex, with minimal levels in the medulla and zona 
reticularis (Fig. 3B). Although the LGR5 gene was expressed 
in adrenal gland, no difference in the morphology of the gland 
was found in LGR5 null newborn mice (data not shown). 
Likewise, no abnormal liver histology was apparent. 

Close examination of the LGR5 null neonates revealed a 
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FIG. 4. Dilated gastrointestinal tract and abnormal craniofacial development in LGR5 null mice. (A) Hie wild-type LGR5 (+/+) neonates had milk 
in their stomachs (S), whereas the LGR5 null (-/— ) neonates had dilated stomachs without milk. (B) The entire gastrointestinal tract of LGR5 null mice 
was dilated without milk, whereas the wild-type mice had a normal appearance. SI, small intestine. (C) In sagittal sections of the craniofacial region, the 
LGR5 null mice showed fusion of the tongue (T) to the mandible (M), whereas these two regions are separated in the wild-type mice. Identification of 
similar structures in the upper and lower jaws indicates the sections were taken at the same level. I, developing upper incisor; AB, developing alveolar 
bone of lower incisor. (D) In transverse serial sections of the mandible region, the tongue of LGR5 null mice was attached to the mandible, whereas the 
tongue of the wild-type animals in the same region was connected only in a posterior section. Similar sections are reflected by the morphology of the molar 
teeth (mt), and more anterior sections are shown on the right. (E) Immunostaining of LGR5 antigen in the epithelium of the tongue and the epithelium 
and mesenchyme of the mandible at E14.5. Ab, antibody. The boxed area in the upper panel is enlarged in the lower panels. 



gradual distension of the abdomen after parturition. As shown 
in Fig. 4A, wild-type animals had milk in their stomachs but the 
stomachs of LGR5 null mice were empty and filled with air, 
presumably as the result of aerophagia associated with a suck- 



ling defect. The mutant animals became gradually cyanotic 
with gasping respirations. By 12 h after birth, the entire gas- 
trointestinal tract had become distended (Fig. 4B). The peri- 
natal lethality of these animals was due partly to respiratory 
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FIG. 4 — Continued. 



failure as the result of pressure against the diaphragm from 
the markedly distended abdomen. Because earlier studies in 
mice linked craniofacial defects such as cleft palate to suck- 
ling-related neonatal lethality (1, 6, 7, 21), we searched for 
possible anatomical abnormalities in LGR5 mutant mice. 
Although a cleft palate was not found, gross examination of 
the oral cavity revealed immobilized tongues adherent to 
the floor of the oral cavity. Histological sagittal sections of 
the head revealed that the tongue in LGR5 null mice was 
fused along the entire ventral surface to the floor of the oral 



cavity, in contrast to the expected conformation as seen in 
wild-type mice (Fig. 4C). In transverse serial sections of the 
mandible region, persistent attachment of the tongue proper 
of the mandible was also apparent (Fig. 4D). To determine 
if LGR5 proteins were expressed in this region during early 
development, immunostaining was performed in transverse 
sections from wild-type embryos at E14.5. As shown in Fig. 
4E, LGR5 staining could be found in the epithelium of the 
tongue and the epithelium and mesenchyme of the mandi- 
ble. 
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DISCUSSION 

The present studies in LGR5 null mice indicated that this 
orphan receptor is involved in craniofacial development and 
the mutant mice provide an animal model for the investigation 
of the genetic basis of ankyloglossia. All LGR5 null mice died 
within 24 h of birth. This phenotype is similar to that of neo- 
natal mice with a cleft palate. Although for humans, cleft 
palate is not life-threatening, mice with cleft palate die within 
24 h of birth, showing an abdomen dilated with air due to a 
suckling defect (1, 7, 21). In humans, ankyloglossia is reported 
to cause breast-feeding difficulties and results in slower weight 
gain (2, 24). Although there are no reports describing mice 
with ankyloglossia unaccompanied by cleft palate, the observed 
neonatal lethality of all LGR5 null mice suggests that anky- 
loglossia alone could prevent proper suckling in mice. 

During embryonic development, the tongue is formed from 
foregut endoderm and by E13 the distal end of the tongue is 
freed from the floor of the mouth. Programmed cell death and 
resorption of the developing skeletal muscle in the ventral 
anterior region free the tongue, and normally a thin tissue 
band, the lingual frenulum, remains as the only attachment. 
Disturbances of this process result in an anteriorily extended 
and/or shortened frenulum leading to the ankyloglossia phe- 
notype. Findings of ankyloglossia in LGR5 mutant mice to- 
gether with the expression of LGR5 in the epithelium of the 
tongue and tissues within the mandible of wild-type animals 
suggest a role of the LGR5 signaling pathway in proper tongue 
development. Our immunohistochemical localization of LGR5 
in the tongue and the mandible in wild-type mice is consistent 
with an earlier report based on in situ hybridization analyses 
(8). At El 1.5, LGR5 transcripts were found in the epithelium 
and mesenchyme overlaying the mandibular cleft. At E13.5, 
the signal persisted in this region together with signals in the 
most lateral aspects of the tongue. 

Although no cleft palate was found in LGR5 null mice, 
mutations in a transcriptional factor, TBX22, have been re- 
ported in families with both cleft palate and ankyloglossia (3). 
Of interest, in situ hybridization analyses of Tbx22 expression 
in mouse embryos indicated that this gene is expressed in the 
mesenchyme of the inferior nasal septum, the posterior palatal 
shelf before fusion, the base of the tongue, and lateral region 
of the mandible (4, 9). Although Tbx22 mutant mice have not 
been reported, the localization of Tbx22 in the lingual frenu- 
lum correlated with the ankyloglossia phenotype in humans. 
Many different ligand signaling systems have been implicated 
in craniofacial development. These include several transform- 
ing growth factor £ (TGF-0) ligands, fibroblast growth factors 
(FGFs), hedgehog paralogs, wingless genes, platelet-derived 
growth factors, and endothelin-1 (6). Recent studies further 
emphasized the involvement of FGF, sonic hedgehog, and 
TGF-p/BMP ligand signaling systems in palate formation (19). 
Of interest, both FGF receptor 2b (FGFR2b) and FGF10 null 
mice exhibited cleft palate and a partial ankylosis of the tongue 
associated with defective epithelialization between the floor of 
the mouth and the tongue (22). The present observations of 
the ankyloglossia phenotype in LGR5 null mice underlie im- 
portant roles of G protein-coupled receptors during tongue 
formation and suggest possible interactions of diverse ligand 
signaling systems during craniofacial development. The 
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present study provides the first mouse model to understand the 
human ankyloglossia phenotype without associated cleft pal- 
ate. 

In addition to expression in the craniofacial region, LGR5 
transcripts have been found in other tissues. Northern blot 
analysis showed that LGR5 is expressed in skeletal muscle, 
placenta, spinal cord, and various regions of the brain (12, 17). 
In situ hybridization analyses further demonstrated the expres- 
sion of LGR5 in adrenal medulla, male and female gonads, 
and the olfactory bulb of adult mice (8). The present LGR5 
expression analyses, in general, confirmed these earlier re- 
ports. However, we detected both LGR5 transcripts and anti- 
gens mainly in adrenal cortex, inconsistent with an earlier in 
situ hybridization analysis showing high LGR5 transcripts in 
adrenal medulla (8). The basis for these discrepancies is un- 
clear. 

In addition to its role in craniofacial formation during em- 
bryonic development, LGR5 may also play important roles in 
adult life. A recent study demonstrated the overexpression of 
LGR5 in human hepatocellular carcinomas with p-catenin mu- 
tations, suggesting that LGR5 may be involved in tumorigen- 
esis (25). Future identification of the cognate ligand for LGR5 
and the elucidation of the signaling pathway for this G protein- 
coupled receptor could provide a better understanding of the 
molecular mechanisms of tongue development and the physi- 
ological roles of this subgroup of LGRs conserved between 
vertebrates and invertebrates (5, 20). 
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Access to ON A databases has introduced an exciting 
new dimension to the way biomedical research is 
conducted. 'Genomic research' offers tremendous 
opportunity for accelerating the identification of the 
cause of disease at the molecular level and thereby 
foster the discovery of more selective medicines to 
improve human health and longevity. The current 
challenge is to close the gap rapidly between gene 
Identification and clinical development of efficacious 
therapeutics. In the present review, Jeffrey Stadel, 
She! agh Wilson and Derk Bergsma outline the 
rationale and describe strategies for converting one 
large class of novel genes, orphan G protein-coupled 
receptors (GPCRs), into therapeutic targets. 
Historically, the superfamify of GPCRs has proven to be 
among the most successful drug targets and 
consequently these newly isolated orphan receptors 
have great potential for pioneer drug discovery. 

The advent of rapid DNA sequencing spawned the 
'genomic era', which has led to the initiation of the H uman 
Genome Project The novel technologies developed 
in association with genomic research have already had a 
significant impact on the way investigations into the 
basis of disease are being conducted and wilt, no doubt 
substantially enhance the means by which diseases are 
diagnosed and treated in the near future To keep pace 
with the evolution of molecular medirinr, the pharma- 
ceutical industry has embraced genomics and is attempt- 
ing to exploit the new technologies to identify novel tar- 
gets for drug discovery. The major questions that remain 
to be addressed concern how to convert genomic 
sequences into therapeutic targets in an expeditious 
manner and eventually to obtain pharmaceutical drugs 
that will enhance the quality of life. This review will deal 
with a single class of novel molecular targets, focusing 
on the burgeoning ~ collection — of~"G — protehv* 
coupled receptors (GPCRs) called 'orptum' receptors 1 . 
GPCRs are a supeTfamuy of integral plasma membrane 
proteins involved in a broad array of shilling path- 
ways. Since the first cloning of GPCR p. ne sequences 
over a decade ago, novel members of the CPCR 



superfamily have continued to emerge through cloning 
activities as well as through bioinformatic analyses of 
sequence databases, although their tigands are unidenti- 
fied and their physiological relevance remain to be 
defined. These 'orphan' receptors provide a rich source 
of potential targets for drug discovery. 

The members of the GPCR superfamily are related 
both structurally and functionally. The signature motif 
of these receptors is seven distinct hydrophobic 
domains, each of which is 20-30 amino acids long and 
which are linked by hydroprulic amino acid sequences of 
varied length* 3 . Biophysical 4 and biochemical 5 studies 
support the notion that these receptors are intercalated 
into the plasma membrane with the amino terminus 
extracellular and the carboxy terminus in the cyto- 
plasmic portion of the cell. Therefore, these receptors are 
often referred to as seven transmembrane (or 7TM) 
receptors. While it is not yet known how many individual 
genes actually encode these receptors, it is clear that this 
family of proteins is one of the largest yet identified. 
Functionally, GPCRs share in common the property that 
upon agonist binding they transmit signals across the 
plasma membrane through an interaction with rvetero- 
trimericG proteins*?. These r ecepto rs respond to a vast 
range of agents**** such as protein hormones, 
chemokmes* peptides, small biogenic amines, lipid- 
derived messengers, divalent cations (e.g. a Ca z + sensor 
has beta* identified that is a GPCR) 9 and even proteases 
such as thrombin, which activates its receptor by cleav- 
ing off a portion of the amino terminus 10 . Finally, these 
receptors phy an important role in sensory perception 
including vision and smell* 5 * Correlated with the broad 
range of agents that activate these receptors is their exist- 
ence in a wide variety of cells and tissue types, indi- 
cating that they play roles in a diverse range of physio- 
logical processes. It is likely, therefore, that the GPCR 
superfamily is involved in a variety of pomologies. This 
point was recently emphasized by the surprising discov- 
ery that certain GPCRs for chemokdnes act as co-factors 
for HIV infection"^. 

GPCRs represent the primary mechanism by which 
cells sense alterations in their externa] environment and 
convey that information to the cells' interior. The binding 
of an agonist to the receptor promotes conformational 
changes in the cytoplasmic domains that lead to the 
interaction of the receptor with its cognate G protein(s). 
Agonist-promoted coupling between receptors and G 
proteins leads to the activation of mtracelhilar effectors 
that substantially amplify the production of second 
messengers feeding into the signalling cascade. Since 
effectors are often enzymes [eg. adenylate cyclase 14 , 
which converts ATP to cAMP, or phosphoGpase C 
' fflef. t5fc which h ydrolysc^ iruaitol lipids m membranes 
to release inositol triphosphate, which in turn mobilizes 
Ca*+ within a cell] or ion channels 16 , many second 
messenger molecules can be produced as the result of a 
single agonist binding event with its receptor. Changes 
in the intracellular levels of ions or cAMP, or both. 
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Ff. 1. Comparison of the protein sequence identity of the orphan APJ^reccptof wfih tie angiotensin AT, receptee* The filled circles indicate amino add 
Identity (29.9%} between the two 6 protein-coated leceptoo (GPCRs). Th.s Is a typical example of the protein sequence identity shared between orphan 
and known GPCRs. 



result in the modulation of distinct phosphorylation 
cascades* 7 * 1 *, extending through the cytosol to the 
nucleus, that eventually culminate in the physiological 
response of the cell to the extracellular stimulus. 
Although die overall paradigm is apparently the same 
for all GPCRs, the diversity of receptors, G proteins 
and effectors suggest a myriad of potential signalling 
processes and this becomes an iiiujortant concept as we 
try to identify the function of orphan GPCRs. 

To date, more than 800 GPCRs have actually been 
cloned from a variety of eukaryo tic species, from fungi to 
humans [see L F. Kolakowski in GCRDb-WWW The G 
Protein-Coupled Receptor DataBase World-Wide-Web 
Site (http://ieceptorjnghlia^ 
html.org)]. For humans, the most represented species, 
about 140 GPCRs have been cloned for which the cog- 
nate ligands are also known. This number excludes the 
sensory olfactory receptors, of which hundreds to thou- 
sands are predicted to exist By traditional molecular 
genetic approaches, coupled with the explosion in 
genomic information, it has been possible to identify 
more than 100 additional orphan GPCRfamiry members. 
By definition, there is enough sequence information in 
the receptor cDNAs to place mem dearly in the super- 
family of GPCRs, but often there is insufficient sequence 
homology with known members of this family to be nbh- 
to assign their ligands with confidence or predict their 
function. In total there are currently over 240 human 
GrKZRs,nexcIuclihj^ 1ST 
sequence databases continues to increase, this fist ss» 
expected to grow to 400, and perhaps even to 1000 or 
more unique gene products. The list will grow even fur- 
ther as paralogies and alternatively spliced GPCR vari- 
ants emerge. Most orphan GPCRs share a low degree of 



sequence homology (typically about 25-35% overall 
amino acid sequence identity), with known GPCRs, sug- 
gesting that they belong to new subgroups of receptors 
(Fig. I)"' 20 . Indeed, several orphan GPCRs show closer 
homology to each other than to known GPCRs. Never- 
theless, the majority of orphan receptors are phylo- 
geneticafly distributed among a broad spectrum of dis- 
tantly related, known receptor subgroups. 

Wliat is the rationale for investing considerable time 
and resources into trying to establish the function of 
orphan GPCRs? Simply stated, GPCRs have a proven 
history of being excellent therapeutic targets. Within the 
past ?Q years, several hundred new drugs have been reg- 
istered that are directed towards activating or antagon- 
izing GPCRs; in tact, it is estimated (hat most current 
research within the pharmaceutical industry is focused 
on this signalling pathway 21 . Table 1 shows a represen- 
tative snapshot of a variety of receptors, disease targets 
and corresponding drugs. It is clear from this table that 
the therapeutic targets span a wide range of disorders 
and disease states. Another example of the significance 
and versatility of GPCRs is the number of cases of genetic 
diseases that are linked to defects in these proteins; some 
of these diseases are indicated in Table 2 (Refs 22-38). It 
is likely that many more genetic diseases will be mapped 
to GPCRs as the era of genomics continues to expand and 
families with inherited mutations are examined much 
more comprehensively. 
— Trtetoporta*«^ 
to be manifested by trie fact that across the phaimaceub- 
cal industry active research projects, ranging from bask 
studies all the way through to advanced development 
are focused on GPCRs as primary targets. Molecular 
biology has had a dramatic influence on these efforts. 
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Table 1. Examples of marketed drugs for G protein-coupled receptors (GFCRs) 


GPCR 

i urwi 


Generic 


Drug 


indication 


Muscarinic acetylcholine 


Bethanechol 


urecftfliine 


rsi 




Oicycloniine 


Bentyl 


Gl 




Ipratropium 


A trove nt 


CP 


1 Adrenoceptor 






CP 


ft 


Atenolol 


Tenormin 


1 c 


Clonidine 


Catspres 


CP 


Propranolol 


Inderal 


CP 


1 °h 


Terazosin 


Hytrin 


CP 


1 

A 


Albuterol 


Ventolin 


CP 




Carvedilol 


Cores 


CP 


J Angiotensin 








AT, 


losartan 


tozaar 






EnrA#3Pl art 

cpnmnon 


1 OYOlBl 1 


CP 


I Calcitonin 


Calcitonin 


Calcimar 


usteoporasts 




eel-Calritnnin 

CGI wall. HU 1 U« l 


Elcatonln 


Osteooorosis 


1 Dopamine 










Metoclcpamide 


Reglan 


Gl 


OA 


Ropinirole 


Requip 


MIA 

CMS 




HaJopenaoJ 


Haldol 




1 Goriadatropin-releasing factor 


Goserelin 


Zoladex 


Cancer 


Natarehn 


Syna/e! 


crnornetnosis 


; Histamine 








1 H, 


Oimenhvdnnate 


Dram amine 


CNS 


H, 


Terfenadine 


SeJdane 


CP 


Hj 


Gmetidine 


Tagamet 


Gl 


H, 


Ranitidine 


Zantac 


Gl 


l Serotonin (5-nTj 








5-HT to 


Sumatriptan 


Imitrex 


CNS 


5-HT* 


Ritanserin 


Fisertan 


CNS 


5-HT, 


Cisapnde 


Prapulsd 


Gl 


I ^ Ml ie 


1 idiUUl IW 




rwc 




Clozapine 


Clozaril 


CNS 


Uutotriene 


PranhJkast 


Onon 


CP 




Zafiriufcast 


Accolate 


CP 


1 Opioid 








1 * 


OupreniKphine 


fluprenex 


CNS 




8utorphanol 


Stadol 


CNS 




Alfentanil 


Altenta 


CNS ' 




Morphine 


Kadian 


CNS 


1 Oxytocin 




Syntotinon 


Labour 


Prostaglandin 


Epoproutenol 


Flolan 


CP 




Misoprostol 


Cytotec 


Gl 


1 Somatostatin 
I Vasopressin 


Octreotide 
Oesmopressin 


Sandostatin 


Cancer 
CP/Renal 


CP. cardiopulmonary system; Gl. gastrointestinal system. 
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Table 2L Diseases associated with mutations of G protein-coupled receptors (GPCRs) 


GPCR 


Mutation 


Disease 


Rets 


Rhodopsln 


Missense: Pro23 to His {\iT] 
Mi$sense:VaI87toAspi:TWl 
Missense: Tyr1 78 tn Oys I7£l| 
Nonsense: Gln344 to Stop (CT) 


Retinitis pigmentosa 


22.23 


Thyroid stimulating hormone 


Missense: AspG19 to Glv I3il| 
Missense: Ala623 to lie (3IL) 


Hyperfun^ioning thyroid adenomas 


24 


Luteirudng hormone 


Missense: Asp57B to Gly ( 5TM) 


Precocious puberty 


25 


Vasopressin V, 


Missense: Arg137 to His (2IU 
Missense: Gfy185 to Cyi« !2cLj 
ffameshiftatArg230(3TM) 


X-linked nephrogenic diabetes 


26^-28 


Ca* 


Missense: Arg186 to Gin (NT) 

Missense: Glu298 to Lys (NT) 
Missense: Arg796 to Trp (3lL) 
Missense: Glu128 to Ala (NT) 


Hyperpaiaihyroidisnv hypocalciuric 
hypacalcaemia 


29.30 


Parathyroid hormone (PTW type b) 


Missense: His223 to Arq (11L) 


Short-limbed dwarfism 


31 


pj-Adrenoceptor 


Missense: Trp64 to Arg {1 IL) 


Obesity. Nl DOM 


32-34 


Growth -hormcne-releaslng hormone 


Nonsense: G1u72 to Stop (NT) 


Dwarfism 


35 


Adrenocorticotropin 


Missense: Ser74 to lie (?TM) 


Glucocorticoid deficiency 


36 


Glucagon 


Missense: Gty40 to Ser (NT) 


Diabetes, hypertension 


37.38 


Afabfaviationa: CT, camoxyf terminus: EL extracellular loop: (U intraceHuU loop: NIC DM, non-iosuln-dciperalmt diabetes meffitia; NT, amino terminus; 
TM, transaembrana rogment 



The cloning of cDNAs for well-known GPCRs led to the 
discovery of a surprising number of paralogues 5 . The 
existence of these novel receptor subtypes was unex- 
pected because the current cornucopia of pharmacologi- 
cal agents does not possess the required selectivity to 
distinguish all of them dearly, and thus an opportunity 
for drug discovery was quickly recognized. Current 
research efforts seek to define the physiology associated 
with these novel receptor subtypes and to discover 
highly selective compounds as potential pharmaceutical 
drugs. These efforts are almost exclusively focused cm 
GPCRs for which activating ligands are known. Suuv 
characterized GPCRs were, and continue to be, attract vr 
therapeutic targets, it is most reasonable to speculate thai 
many of the orphan receptors have similar potential. The 
initial challenge is to determine the function of each 
orphan receptor through the identification of activating 
ligands and, once the function is clarified, link the orphan 
receptor to a specific disease and thus establish it as a 
candidate for a comprehensive drug discovery effort 

Reverse molecular pharmacology 

Until recently, research into the identification vf 
GPCRs as targets for drug discovery has been conducted 
using the traditional approach illustrated in Rg. 2. For 
this strategy, the starting point is functional activity, 
which forms the basis of an assay by which a ligand is 



identified through purification from biological fluids, 
cell supernatants or tissue extracts. One example of the 
success of mis strategy is the discovery of the potent 
vasaamstricting peptide endothelm 59 . Once isolated, the 
ligand is used to characterize its cellular and tissue biol- 
ogy us weQ as its pa&ophysiological role. Subsequently, 
cDN4s encoding a i rre spon ding receptors are 'fished' 
from gene libraries using a variety of methodologies (eg. 
receptor purification and expression cloning) mat often 
either directly or indirectly use the ligand as the 'hook'. 
As the nucleotide sequences for GPCRs begin to accu- 
mukte and be analysed, additional receptors can be 
cloned by homology screening, by positional cloning, 
and by polymerase chain reaction (PCR) methodologies 
that use oligonucleotide primers based cm nucleotide 
sequences conserved within the seven transmembrane 
domains of the GPCR family. Once the cloned human 
receptor cDNA is expressed in a heterologous cell sys- 
tem 40 , it is used, together with its ligand, to form the basis 
of a screen to explore chemical compound libraries for 
receptor antagonists or agonists. Lead structures identi- 
fied- in the screen are-refined through medicinal chem- 
istry using an iterative process. Resulting drug leads 
with appropriate in viva pharmacology are passed on 
into the dinic for development 

Recently, this paradigm has changed radically with the 
introduction of a new reverse molecular pharmacological 
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significant proportion of these unique drugs may be use- 
ful to treat diseases for which existing therapies are lack- 
ing or insufficient 

Screening strategy 

Figure 3 illustrates the generic strategy that we use 
for our reverse molecular pharmacological approach. In 
addition to the EST approach, which has yielded the 
majority of our collection of orphan receptors, we have 
also used a number of more traditional approaches such 
as low-stringency screening, using portions of known 
GPCRs as hybridization probes, as well as PCR-based 
metruxls. By these techniques we have succeeded in 
identj lying more than 70 orphan receptors in addition to - 
those already cited in the literature 

Since cDNAs identified by EST cloning are often in- 
complete, northern hybridization analysis is used to estab- 
lish die tissue or cell pattern of mRNA expression of the 
GPCRs. This information is used to identify the tissue or 
cell cDNA libraries that are to be probed for full- length 
clones and, significantly, to determine whether a receptor 
is expressed in a particular norma] or diseased tissue of 
interest A highly selective tissue expression pattern may 
also provide a due with respect to receptor function. Once 
strategy, shown diagramatically in Fig. 2. Through both obtaimsd, full-length GPCR clones are expressed in mam- 
traditional molecular cloning technique and, more malian ceD lines and yeast model systems (see below) for 
recently, mass sequencing of expressed sequence tags functional analysis Xaxcrpus oocytes may also be used for 
(ESTs) from cDNA libraries, it is now possible to identify expression; however, low screening throughput limits 
GPCRs through computational or triouttormatk their use to a secondary, confirmatory assay system. For 
methodologies. The EST approach, initially proposed by mammalian cell expression, the human embryonic kidney 
Sidney Brenner (University of Cambridge) and first (HEK) 293 cell line or Chinese hamster ovary (CHO) cells 
brought to large-scale practice by Craig Venter (The are frequendy used. These cell types possess a large reper- 
Institute of Genome Research), constitutes random, sin- toire of G proteins that are necessary for coupling to 
gje-pass sequencing of cDNAs randomly picked from a downstream ef fectors m situ. They also share a reliable 
collection of cDNA libraries, followed by extensive history of positive functional coupling for a wide variety 
bio informant analysis of the sequence to identify struc- of known GPCRs. However, since receptor coupling 
rural signatures characteristic of GPCRs. Once new cannot be accurately predicted from primary sequence 
members of the GPCR superfamily are identified, the data, orphan GPCRs may need to be expressed in a 
recombinandy expressed receptors are used in variety of cell lines to establish viable coupling, 
functional assays to search for the associated novel K- These heterologous expression systems form the basis 
gands. The receptor-Iigand pair are then used for com- for screening for an activating ligancl The success of 
pound bank screening to identify a lead compound that, estabushing functional coupling of the recombinant 
together with the activating ligand, is \is<d for biological receptor depends to a large extent on whether the recep- 
and pathophysiological studies to determine the tunc- tor is properly expressed, which may be assessed by 
turn and potential therapeutic value of a receptor antag- northern or Western blot analysis, and whether appro- 
onist (or agonist) in ameliorating a disease process. In priate G proteins and downstream effectors are present 
addition, clues as to therapeutic potential may involve hi the cell in which the receptor is expressed. There are 
receptor genotyping of disease populations. Once a link several major technical challenges to be met in order to 
with a disease is finally identified, an appropriate com- initiate ligand fishing. Because it is difficult to predict 
pound can be advanced for clinical study accurately the coupling specificity of orphan GPCRs 

The reverse molecular pharmacological strategy is a from their primary sequence, assays must be chosen 
far more daunting challenge and risky erulcivour when that will detect a wide range of coupling mechanisms, 
compa red with the "more tradib\>nat a]^n«^- Smcfe the " Thes3 generally fe^Wchanp S in mtreceDula r"1evels 
starring material for a drug discovery effort is simply an of cAMP or Ca*+ but can also include more generic 
orphan receptor of unknown function, wit h no apparent measurements, such as metabolic activation of the cell 
relationship to a disease indication Howe nr, the potential via the cytosensor microphysiometer 11 . Reoendy, it has 
reward of using this approach is that resul i an t druj;s nat- become possible to implement most of these screens in 
urally will be pioneer or innovative discoveries, and a high-throughput format by using fluorescent-based 
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assays and using charge-coupled device cameras and 
reporter gene constructs that allow easy readout of the 
assay on micro titre plates. Ever increasing throughput of 
the assays will be necessary to screen Large libraries. 
However, this approach is somewhat cumbersome and 
inefficient if all the assays described above have to be 
used. Is it possible to funnel heterologous signal trans- 
duction through a defined pathway? The prospect of an 
assay for a single transduction pathway comes from the 
observation mat heterologous expression of the G pro- 
tein subunit G Ql5/16 promoted coupling of various GFOl 
subfamily members through activation of phospholipase 
Cg and likely Ca?+ mobilization^* 3 . Although this 
approach may not work universally, the diversity of the 
GPCRs successfully coupled through G, 16 to phospho- 
lipid metabolism suggests mat this could be a useful 
method to screen for orphan receptor activation. 

Once heterologous receptor expression is achieved 
and functional assays are in place, ligand fishing experi- 
ments can be initiated Although the homology with 
known GPCRs is low, we nevertheless begin by screen- 
ing the orphans against known GPCR ligands; since the 
sequence homology between some subtypes of known 
receptors can be low (e.g. 30-40% between neuropeptide 
Y receptor subtypes), it is possible that new paralogue 
receptors for known ligands still remain to be discov- 
ered. The next step is to search for novel activating 
ligands by screening biological extracts obtained from 
tissues, biological fluids and cell supematants. An ad- 
ditional option is screening libraries of compounds for 
activating ligands. Complex binaries of peptides or com- 
pound collections could be rich sources of 'surrogate' 
agonists that would promote receptor activation and 
coupling but are not endogenous ligands. The rationale 
for searching for surrogate agonists springs from a report 
mat a nonpepude agonist has been discovered for the 
angiotensin n receptor 14 . There is also an obvious prec- 
edent for nonpeptide agonists for opioid receptors-. 
Screening of the very large libraries mat will be generated 
by fractionation of biological extracts and by combinato- 
rial chemical synthesis requires that the functional 
assays used have not only a high throughput but are also 
robust since false positives can be a significant problem. 

Examples are beginning to emerge from several 
efforts showing mat progress has been made in charac- 
terizing orphan GPCRs. A first example is the identifi- 
cation of an orphan GPCR that functions as a calcitonin 
gene-related peptide (CGRP) receptor 45 . CGRP is a pep- 
tide of 37 amino acids, widely distributed in neurones, 
and functions as a potent vasodilator. It may be involved 
in migraine and has been implicated in non-insulin- 
dependent diabetes mellitus because it promotes resist- 
ance toirtsuim. An orphan GPCR EST was de rivecHrorn 
a human synovium cDNA library**. Sequence analysis 
showed that the new GPCR has -56% similarity to the 
human calcitonin receptor and was hence originally 
expected to be a new subtype of the calcitonin receptor. 
The message for this novel receptor was expressed 
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predominantly in hing, which is known to be a relatively 
rich source of CGRP receptors. Following full-length 
cloning from a human lung library, the orphan receptor 
cDNA was stably expressed in HEK293 cells. Both radio- 
ligand binding using 125 [I] CGRP, as well as functional 
assays of CGRP-stimulated cAMP accumulation, 
demonstrated an appropriate pharmacological profile 
for the expressed receptor similar to that observed with 
endogenous CGRP receptors on human neuroblastoma 
cells. In addition to identifying the CGRP receptor, the 
reverie molecular pharmacology approach has also been 
used to identify other orphan receptors, such as the 

anaphyla toxin Oa^mceptor 4 *. ~ ' — 

TTv; examples given above are for receptors with sig- 
nificant homology to known GPCR superfaxnily mem- 
bers «i nd their activating ligands proved to be known 
GPCK ligands- Will ligand fishing be successful in identi- 
fying novel endogenous ligands? Recently, two groups 
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fig. 1 Yeast-based scran for tm identification of agonists for orphan i\ protein-coupled 
receptors (SPCRs). k Normal endogenous 6PCR signalling in yeast iSaaAaromyca* 
cemvttaa). k Suostrtuoon of a human 6PCR and a human 6. suburot tor ve;ist oountw|«arts 
and modification of downstream signalling pathways such that agonist simulation ot the 
recombtant GPCR promotes growth. This yeast strain can be screened using biolo.jtcal 
extracts or compound lfraries, or both, c: Yeast cells can be enginewod m secrete small 
peptides from a random peptide fibrary to identify autocrine surrogate, posnde agonist 5 for 
recombinant orphan GPOfe. Modified from ftet 49, with permission. 



investigated an orphan opioid-like receptor, ORL1 (Kefs 
47 and 48). Both groups expressed the orphan GPCR in 
CHO cells and challenged the transf ected cells with a 
series of opiate agonists, but without response Both 
groups then used a similar ligand fishing approach. 
Talcing crude extracts from rat brain*' or porcine brain 48 , 
they screened against the stably transferred ceD lines 
using inhibition of adenylate cydase activity as a func- 
tional assay. They were able to fractionate the brain 
extracts and identify the novel dynorphia-hke ligand, 
which they called nociceptin 47 or orphanin FQ (Rc f. 48). 
Thus, both teams successfully established a functional 
assay in transacted CHO cells that allowed the purifi- 
cation of a novel neuropeptide ligand that is 17 amino 
acids long for the orphan receptor. This work validates 
the ligand fishing approach for characterizing the func- 
tion of orphan GPCRs. 

Concluding remarks and future challenges 

Although orphan GPCRs have been around for over 
ten years, very few companies have, until recently, been 
willing to risk their resources to explorv opportunities 
among this category of receptors. Howevx r, the environ- 
ment for the pharmaceutical industry lias changed due to 
the confluence of several major technological advances. 
The conversion of gene sequences encoding GPCRs to 
drug targets is substantially aided by the d evelopnient of 
cornmratorial chemistry methods and miniaturized high- 
throughput screening techniques. The future challenge 
for drug discovery in this arena is to integrate these 
technrjtogiesinnovatgelyand 
of the future comes from the field of functional genomics. 
The endogenous GPCR transduction system of the 
yeast, Sacdummtyccs cercrisioc, which is lite phemmone 
pathway required for conjugation and 111,1 ting, has been 
commandeered- through genetic engiiteuring- to permit 
functional expression and coupling of human GPCRs and 



humanized G protein subunits to the endogenous sig- 
nalling rnachinery*^ 51 (Fig. 4). Further manipulations 
involve conversion of the normal yeast response to 
plieromone or activating ligand (growth arrest) to positive 
growth on selective media or to reporter gene expression. 
In addition, yeast cells have been engineered to express 
and secrete small peptides from a random peptide library 
that will permit the autocrine activation of heterologously 
expressed human GPCRs (Rets 49 and 51). This provides 
an elegant means of screening rapidly for surrogate pep- 
tide agonists that activate orphan receptors. This yeast 
system is, of course, not limited to autocrine ligand screen- 
ing but can also be used in high-throughput mode to 
screen directly the fractions from biological extracts and 
the various chemical libraries as described above. A major 
advantage of the yeast system over the mammalian 
heterologous expression systems is its ease of use and its 
lack of endogenous GPCRs, which can confound ligand 
fishing expeditions in mammalian cells. 

There is now tremendous pressure to be the first on 
the market with highly selective drugs that target thera- 
peutic areas of unmet medical need and ideally have 
novel mechanisms of action. As a consequence, the 
pharmaceutical industry has recognized the power of 
genomics to provide it with new and unique drug tar- 
gets. Genomics has responded with a plethora of novel 
proteins, included among them over 100 orphan GPCRs. 
B ecause of the proven link of GPCRs to a wide variety of 
diseases and the historical success of drugs that target^ 
GPCRs, we believe that these orphan receptors are/ 
among the best targets of the genomic era to advance 
into the drug discovery process. 
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CA^jX-competitive 
inhibitors of 
farnesyltransf erase as 
anti-cancer agents 

Charles A. Omer and Nancy L Kohl 



For Ras oncoproteins to transform mammalian ceils, 
they must be post-translationally famesylated in a 
reaction catalysed by the enzyme famesyl-pf otein 
transferase (FPTase). Inhibitors of FPTase have 
therefore been proposed as anti-cancer agents. In this 
review Charles Osner and Nancy Kohl discuss the 
development of FPTase inhibitors that are kineticalry 
competitive with the protein substrate in the 
famesylation reaction. These compounds are potent 
and selective inhibitors of the enzyme that block the 
tumourigenic phenotypes of ras-transformed cells and 
human tumour ceOs in cell culture and in animal 
models. 

Since the identification of fanvesyl-prorjdn transferase 
(FPTase) activity in mammalian cells, there has been an 
intense effort to develop inhibitors of this housekeeping 
enzyme for use as potential novel anti-cancer agents 1 2 
This idea stems from the fact that several of the proleim* 
that regulate mammalian cell proliferation require a 
post-translational modification catalysed by this enzyme 
for biological activity. Efforts over the past eight years 
have yielded potent, cell-active inhibitors of FPTasr 
that demonstrate antiproliferative activity in cell 
culture and in rodent models of cancer. 

The focus of the FPTase inhibitor (FIT) studies ha.- 
been inhibition of the transforming activity of the Ra> 



oncoproteins. Three ras genes, Ha-, N- and Kirns, encode 
four highly homologous, 21 kD proteins, Ha-, N-, Ki4A- 
and K i4B-Ras (IG 4A- and Ki4B-Ras are encoded by splice 
variants of the Ki-ros gene} 3 . Ras functions to regulate the 
transduction of extracellular growth-promoting signals 
from membrane-bound receptor tyrosine kinases to 
intrac eUular growti^regulatory pathways. Typical of the 
low-rnotecular-weiglit G proteins, Ras is active when 
bound to GTP and inactive when bound to GDP. Cycling 
from the active to the inactive form is accomplished by 
the ir trinsk GTPase activity of the protein. Mutations in 
Ras that abolish the GTPase activity result in consfatu- 
tiveiy active forms of the protein. Such oncogenicaSy 
mutated forms of Has, particularly KMB-Ras, are found 
in approximately 30% of many human cancers including 
90% of pancreatic cancers and 50% of colon cancers 4 * 5 . 

Ra s is synthesized as a biologically inactive, cytosolk 
protein that localizes to the inner surface of the plasma 
membrane where it acquires biological activity follow- 
ing a series of post-translational modifications (see Ref. 6 
for re view). The first and obligatory step in this scries is 
the transfer of a 1 5-carbon isoprenoid, famesyl, from far- 
nesyl diphosphate (FPP) to the sulphur atom of the cys- 
teine residue located four amino acids from the carboxyl 
terminus of the protein. This cysteine residue is part of 
the CAjApC motif found in ail FPTase protein substrates, 
where C is cysteine, A) and A 2 are usually aliphatic 
amino acids and X is usually serine, methionine, gluta- 
mine, alanine or cysteine. Following famesylation, 
AjAjX is proteoiyb cuTy cleaved and the now C-terminal 
farnesylcysteine is methylated. In the case of all of the 
Ras proteins except KftB-Ras, palmitate groups are then 
added to cysteine residues upstream of the famesylated 
cysteine The demonstration that famesylation is essen- 
tial Jar the tnuisfoTtning ability of the Ras oncopro- 
teins^ 40 has sp\ur«.l-the development of inhibitors of 
the enzyme that catalyses this reaction, FPTase, as anti- 
cancer agents. 

FPTase is a ubiquitously expressed, cytosolk enzyme 
comprised of two subunits, a 45 kDa o subuntt and a 
48 k )a 0 subuiuY'. Cross-linking studies have shown 



Senior RaataKfi 
fafkmr. 

, 

M.E. KoM, 
Oiractor, 

Department of Cancer 
Resaarcft, Merck 
Research 

I J ii rt uIm til fart 

uajofarones. wes 



Copyright 0 1997, Elievicr Sdau» Ui. All right* reserved. 0165 - (K> 97 'S17D0 Pit S0165-M 47e»7l0112S-l TiPS - Nwmbei 1997 (Vol 18) 4 3 7 



EXHIBIT I to Accompany Amendment and Response in U.S. 
Serial No. 10/664,667 to Office Action Dated June 13, 2005 



British Journal of Pharmacology (1998) 125, 1387-1392 © 1998 Stockton Press Ail rights reserved 0007- 1 188/98 $12.00 ffi 

_ ----- http://www.stocktorvpress.co.uK/bjp 

REVIEW ARTICLE 

Orphan G-protein-coupled receptors: the next generation of drug 
targets? 

^Shelagh Wilson, 2 Derk J. Bergsma, 'Jon K. Chambers, 1 Alison L Muir, 'Kenneth G.M. Fantom, 
Catherine Ellis, 'Paul R. Murdock, 'Nicole C Herrity & 2 Jeffrey M. Stadel 

'SmithKline Beecham Pharmaceuticals, New Frontiers Science Park, Third Avenue, Harlow, Essex, CM 19 5AW and 2 SmithKline 
Beecham Pharmaceuticals, 709 Swedeland Road, King of Prussia, PA, U.S.A. 

The pharmaceutical industry has readily embraced genomics to provide it with new targets for drug 
discovery. Large scale DNA sequencing has allowed the identification of a plethora of DNA sequences 
distantly related to known G protein-coupled receptors (GPCRs), a superfamily of receptors that have a 
proven history of being excellent therapeutic targets. In most cases the extent of sequence homology is 
insufficient to assign these 'orphan' receptors to a particular receptor subfamily. Consequently, reverse 
molecular pharmacological and functional genomic strategies are being employed to identify the 
activating ligands of the cloned receptors. Briefly, the reverse molecular pharmacological methodology 
includes cloning and expression of orphan GPCRs in mammalian cells and screening these cells for a 
functional response to cognate or surrogate agonists present in biological extract preparations, peptide 
libraries, and complex compound collections. The functional genomics approach involves the use of 
'humanized yeast cells, where the yeast GPCR transduction system is engineered to permit functional 
expression and coupling of human GPCRs to the endogenous signalling machinery. Both systems 
provide an excellent platform for identifying novel receptor ligands. Once activating ligands are identified 
they can be used as pharmacological tools to explore receptor function and relationship to disease. 
Keywords: Orphan; novel receptor; 7TM receptor; ligand fishing; novel peptide 



Introduction 

Rapid advances in DNA sequencing technologies have led to 
an exponential increase in the generation of genomic 
information. Such information holds enormous potential for 
drug discovery, allowing the identification of a diverse range of 
novel molecular targets. The challenge for the pharmaceutical 
industry in dealing with this wealth of new information is to 
identify the most promising candidates for further biological 
evaluation and to characterize their potential as drug targets as 
rapidly and efficiently as possible. This review will focus on one 
family of novel molecular targets, the family of orphan G- 
protein coupled receptors (GPCRs) and describe the strategies 
one can adopt to convert them into therapeutically relevant 
drug targets. 

The superfamily of GPCRs is one of the largest families of 
genes yet identified. Over 800 members have been cloned to 
date from a wide range of species. The characteristic motif of 
this superfamily is the seven distinct hydrophobic regions, each 
20-30 amino acids in length, generally regarded as the 
transmembrane domains of these integral membrane proteins. 
There is little conservation of amino acid sequence across the 
entire superfamily of receptors, but key sequence motifs can be 
found within phylogenetically related sub-families, and these 
motifs can be used to help classify new members. 

Since the first cloning of GPCR cDNAs more than a decade 
ago, new genes have continued to emerge whose sequences 
place them firmly within the GPCR superfamily, but whose 
ligands remain to be identified. These 'orphan' receptors show 
low levels of homology with known GPCRs (typically less than 
40%), too low to classify them with any confidence into a 
specific receptor subfamily. Many orphan receptors in fact 
show closer homology to each other than to known GPCRs, 
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suggesting that they may represent new sub-families . of 
receptors with distinct, possibly novel, ligands. These sub- 
families are distributed throughout the GPCR superfamily 
tree, suggesting that they will have a diverse range of functions. 

What is the rationale for investing resources in characteriz- 
ing orphan GPCRs? Simply stated, GPCRs have a proven 
history of being excellent drug targets. Several hundred drugs 
launched in the last three decades are directed at known 
GPCRs. Table 1 shows a representative snapshot of some well- 
established drugs and their corresponding receptors. It is clear 
that the therapeutic focus of these drugs spans a wide range of 
disorders from cardiovascular to gastro-intestinal to CNS and 
others. 

Another example of the significance of GPCRs to drug 
discovery involves the increasing number of diseases associated 
with receptor gene mutations (Table 2). Some of the early 
examples identified involved mutations in receptors which 
caused gross changes in receptor function, leading to fairly rare 
but severe inherited disorders (e.g., mutations in vasopressin 
V 2 receptors associated with X-linked nephrogenic diabetes 
insipidus); (Birnbaumer, 1995). More recently, mutations have 
been identified that cause little or no apparent change in 
receptor function which lead merely to an increased propensity 
for developing a multifactorial disease (e.g. polymorphisms in 
the /^-adrenoceptor associated with increased risk of insulin 
resistance); (Strosberg, 1997). As genotyping of disease 
populations becomes more comprehensive it is likely that 
more GPCR mutations or polymorphisms will be associated 
with disease states and hence provide additional potential 
targets for drug intervention. Since knowledge of gene function 
is not a pre- requisite for carrying out genotyping studies, it is 
just as likely that such mutations will be found in orphan 
receptors, which may provide clues to orphan receptor 
function in physiological and pathophysiological situations. 



1388 



S. Wilson et al Orphan GPCRs 



Table 1 Drugs targeting GPCRs 



GPCR 



Acetylcholine 



Adrenoceptor 



Generic 

Bethanechol 
Dicyclomine 
Ipratropium 

Atenolol 

Clonidine 

Propranolol 

Terazosin 

Albuterol 

Carvedilol 



Angiotensin II Losartan 
Eprosartan 



GPCR 



Leukotriene 



Opioid 



Generic 

Pranlukast 
Zafirlukast 

Buprenorphine 
Butorphanol 
Alfentanil 
Morphine 



Prostaglandin Epoprostenol 
Misoprostol 

Somatostatin Octreotide 



Serotonin 



Dopamine 



Histamine 



Metoclopramine 

Ropinirole 

Haloperidol 

Dimenhydrinate 
Terfenadine 
Cimetidine 
Ranitidine 



Sumatriptan 

Ritanserin 

Cisapride 

Trazodone 

Clozapine 



Table 2 Diseases associated with GPCR mutations 



Receptor 

Rhodospin 
Thyroid stimulating 

hormone 
Lutenizing hormone 
Vasopressin V 2 
Calcium 

Parathyroid hormone 
/^-Adrenoceptor 
Growth hormone 

-releasing hormone 
Adrenocorticotropin 
Glucagon 



Disease 

Retinitis pigmentosa 
Hyperfunctioning thyroid 

adenomas 
Precocious puberty 
X-linked nephrogenic diabetes 
Hyperparathyroidism , 

hypocalciuria, hypercalcemia 
Short limbed dwarfism 
Obesity, NIDDM 
Dwarfism 

Glucocorticoid deficiency 
Diabetes, hypertension 



Much current research effort within the pharmaceutical 
industry today continues to focus on GPCRs, as they are 
justifiably perceived as attractive therapeutic targets. At 
SmithKline Beecham we have identified over 100 human 
orphan GPCRs that are distributed throughout the GPCR 
evolutionary tree. Some of these receptors are selectively 
expressed in a range of therapeutically relevant tissues, and it 
thus seems reasonable to speculate that they constitute a 
source of therapeutic targets with similar potential for drug 
discovery as seen with known GPCRs. 

Reverse pharmacology approach 

The overall strategy for characterizing orphan receptors has 
often been referred to as a 'reverse pharmacology' approach 
(Libert et al, 1991) to distinguish it from more conventional 
drug discovery approaches. The conventional approach was 
historically initiated by the discovery of a biological activity 
for which the ligand responsible was identified and then used 
to characterize tissue pharmacology and physiological role. 
Subsequently, the ligand was used to clone its corresponding 
receptor for use as a drug target in high-throughput screening. 
The reverse approach starts with an orphan receptor of 
unknown function which is used as a 'hook' to fish out its 
ligand. The ligand is then used to explore the biological and 



patho-physiological role of the receptor. High throughput 
drug screening is initiated in parallel to develop tool 
compounds to help determine the therapeutic value of both 
agonists and antagonists to the receptor. 

Screening strategy 

Figure 1 illustrates the reverse pharmacology strategy adopted 
within SmithKline Beecham. The majority of our orphan 
receptors have been identified through extensive bioinformatic 
analysis of expressed sequence tag (EST) databases generated 
by mass random sequencing of cDNA libraries. The EST 
approach has previously proven to be a highly productive 
route for identifying novel genes (Adams et al, 1992). 

Since cDNAs identified by EST sequencing are often 
incomplete, the tissue expression pattern of the EST is 
analysed via Northern blot or RT-PCR to identify the tissue 
cDNA libraries which should be used to obtain a full length 
clone. More significantly, the expression pattern can determine 
whether a receptor is expressed in a normal or diseased tissue 
of interest as a therapeutic target. A highly selective tissue 
expression profile can also provide a clue to receptor function. 
For example, the expression pattern of the orphan receptor 
FC5 in rat brain as determined by in situ hybridization was 
recognized as resembling that of the Yi NPY receptor 
visualized by ligand autoradiography and hence led to the 
identification of FC5 as the Yi receptor. (Eva et al, 1990). In 
parallel with obtaining a full length cDNA for the receptor, 
corresponding genomic clones can be obtained and their 
sequences from different individuals analysed to look for 
genetic markers that can be used to investigate possible 
associations with disease states. 

Once a full length cDNA is available it can be expressed in 
mammalian cell lines for functional analysis. The choice of 
expression system is crucial to the success of ligand fishing: a 
system with a good history of GPCR expression which also 
contains a wide repertoire of G-proteins to allow functional 
coupling to down-stream effectors is of key importance. CHO 
(Chinese Hamster Ovary) or HEK (Human Embryonic 
Kidney) 293 cell lines are often the cells of choice, but as the 
success of receptor expression and coupling cannot be 
predicted, a variety of systems may have to be used. 
Alternative expression systems which can be used to explore 
different coupling mechanisms include xenopus oocytes, 
melanophores (Lerner, 1994) and engineered yeast systems 
(Broach & Thorner, 1996). 

In the absence of a ligand to confirm receptor expression it 
is important to obtain some evidence that receptor transfec- 
tions have been successful before embarking on the search for 
a ligand. Northern blotting of cell lines is probably the easiest 
test, but will only confirm that message for the receptor is 
present. To be confident that receptor protein is actually 
expressed one has to generate antibodies to the receptor or else 
attach an epitope tag to the receptor and assess protein 
expression via FACS analysis or Western blotting. A number 
of epitope tags have been successfully used to label GPCRs 
without affecting receptor function. Examples include FLAG 
and HA tags, for which antibodies are commercially available. 
(Guan et al, 1992; Koller et al, 1997). 

The choice of functional assays used to screen for 
activating ligands is also critical to the success of ligand 
fishing. These should be as generic as possible to allow 
detection of a wide range of coupling mechanisms. 
Measurement of metabolic activation of cells expressing the 
orphan via the Cytosensor microphysiometer (McConnell et 
al, 1992) is probably the most generic assay available, but is 
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Figure 1 Reverse pharmacology approach to characterizing orphan GPCRs (modified from Stadel et al., 1997). 



hampered by its low screening throughput. Alternative assay 
systems in mammalian cells focus largely on measuring 
changes in intracellular cyclic AMP or Ca 2+ levels, either 
directly using standard methods or via the use of reporter 
gene assays. It is becoming increasingly important to use 
high throughput systems to allow screening of large libraries 
of ligands, and assay technologies have evolved for each of 
these second messenger systems to allow high throughput 
readout in microtitre plate format. More recently, it has 
become possible to funnel heterologous GPCR signal 
transduction through a common pathway involving phos- 
pholipase C and Ca 2+ mobilization by co-expression of the 
receptor with the promiscuous G-proteins G a | 5 /i6 or with 



chimeric G q -proteins such as G qi5 (Conklin et al, 1996; 
Offermans & Simon, 1995). Although this approach may not 
work universally, the diversity of known GPCRs reported to 
successfully couple via these G-proteins suggests that it is a 
useful method to streamline screening for orphan receptor 
activation by focusing predominantly on one signal 
transduction system. 

One factor which can complicate the use of heterologous 
expression systems for ligand fishing involves the presence of 
endogenous receptors in mammalian cell lines and in 
particular, clonal variation in the pattern of endogenous 
receptor expression in cells derived from the same parental cell 
line. Such variation has probably been responsible for the mis- 
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identification of a number of orphan receptors in the past, (eg, 
Cook et al., 1992; Jazin et al, 1993). 

The ability to genetically delete endogenous GPCRs from 
yeast to generate a 'null' background is one of the major 
advantages in using yeast model systems for orphan receptor 
screening (Broach & Thorner, 1996). These systems rely on 
commandeering the endogenous yeast GPCR transduction 
system, the pheromone mating pathway, to allow coupling 
of transfected human GPCRs and humanized G-proteins to 
the endogenous signalling machinery. The manipulations 
involve conversion of the normal yeast response to 
pheromone activation (growth arrest) to positive growth on 
selective media, or to reporter gene expression. Such systems 
provide rapid, high throughput means of screening orphan 
receptors. 

Once expression of the receptor has been achieved in 
mammalian or yeast systems and functional assays are in 
place, the search for activating ligands can begin. The 
receptors are screened initially against a bank of putative 
ligands, which includes known GPCR ligands as well as other 
naturally occurring bioactive molecules of unknown mechan- 
ism. The next step is to search for novel ligands by screening 
biological extracts obtained from tissues, biological fluids and 
cell supernatants. Another option is to screen peptide or 
compound libraries for 'surrogate' agonists that can be used as 
tool compounds. Yeast model systems here again provide 
unique advantages, in that they can be engineered to express 
and secrete small peptides from a random peptide library that 
will permit autocrine activation of heterologously expressed 
receptors, thus allowing a facile readout for detecting 
surrogate agonists of the receptor. Once an activating ligand 
has been found, whether natural or surrogate, it can then be 
used to explore the biology of the receptor in vivo or in tissue 
preparations, and can also be used to configure a high 
throughput screen to search for antagonists to support 
biological studies. 

Characterization of orphan receptors 

Examples are now emerging of the success of the reverse 
pharmacology approach in identifying orphan GPCRs. A first 
example is the identification of a calcitonin receptor-like 
orphan as a CGRP receptor. CGRP (calcitonin gene-related 
peptide) is a potent vasodilator widely distributed in central 
and peripheral neurones. It has also been implicated in 
migraine and non-insulin dependent diabetes. An EST derived 
from a human synovium library was used to clone a full length 
cDNA from human lung. Sequence motif analysis placed the 
receptor firmly within the secretin/VIP subfamily of receptors, 
with its closest homologue being the calcitonin receptor. 
However, the message for this novel receptor was expressed 
predominantly in lung, known to be a source of CGRP 
receptors. Following expression in HEK293 cells, the receptor 
was screened against putative ligands using a cyclic AMP 
stimulation assay (the primary signal transduction pathway for 
the secretin/VIP receptor family) and was shown to respond to 
CGRP with high potency (EC 50 0.9 nM) (Aiyer et al., 1996). 

The pharmacological profile of the receptor determined in 
the cyclic AMP assay and in radioligand binding assays was 
subsequently shown to be similar to that observed with 
endogenous CGRP receptors in human neuroblastoma cells, 
indicating that the orphan receptor cDNA encoded a CGRP 
receptor. In contrast, other workers who cloned this receptor 
failed to detect a CGRP response following expression of the 
cDNA in COS cells (Fluhmann et al., 1995). The explanation 
for this discrepancy was initially thought to be due to lack of 
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appropriate coupling machinery for the receptor in COS cells, 
as we also failed to detect a functional response with the 
receptor in this cell line. However, it has been shown more 
recently that accessory proteins appear to be necessary to allow 
this receptor to show CGRP responsiveness, so an alternative 
explanation may lie in differential expression of such accessory 
proteins in HEK293 vs COS cells (McLatchie et al., 1998). 
Whatever the explanation, these findings illustrate that the 
choice of expression system is an important factor in 
identifying ligands for orphan receptors. 

A second example of successful orphan receptor character- 
ization was the identification of the receptor for the 
anaphylatoxin C3a (Ames et al., 1996). The anaphylatoxins 
C3a, C4a and C5a are potent inflammatory mediators released 
during complement activation and they have been implicated 
in a number of inflammatory diseases. An EST derived from a 
human neutrophil cDNA library was used to clone an orphan 
GPCR from the same library. The receptor showed low 
homology to known GPCRs, with the best match being to the 
C5a receptor (37% nucleotide identity). However, Northern 
blot analysis indicated that its expression profile was distinct 
from that of the C5a receptor. Functional characterization of 
the C5a receptor was known to be problematic in cell lines 
such as HEK293 and CHO, but the receptor was known to be 
functionally active when expressed in RBL-2H3 cells (a rat 
basophilic cell line). 

The orphan receptor was therefore expressed in RBL-2H3 
cells and screened against putative ligands in a Ca 2+ 
mobilization assay. It produced a robust Ca 2+ mobilization 
response to C3a but not to C5a or other ligands. In parallel 
transfections in the same cell line the C5a receptor was shown 
to elicit a robust Ca 2+ response to C5a but not to C3a. 
Radioligand binding studies using [ 125 I]-C3a confirmed that the 
orphan receptor bound C3a with a Kd of 0.3 nM. These 
findings, together with the tissue distribution data, are 
consistent with this orphan encoding the human C3a receptor 
(Ames et al., 1996). 

CGRP and C3a constitute examples where known ligands 
have been paired with an orphan receptor. A third example 
involves the pairing of a novel ligand with an orphan receptor: 
the identification of a novel neuropeptide as an endogenous 
ligand for the receptor GPR10. The human orphan receptor 
GPR10 was first reported by Marchese et al. (1995), who 
cloned the receptor from genomic DNA using a PCR-based 
approach. Like the majority of orphan receptors, GPR10 
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Figure 2 Phylogenetic tree for GPR10 and closely related receptors. 
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shows a low level of sequence homology with known GPCRs, 
although its closest match is to members of the NPY family of 
receptors (Figure 2). When expressed in HEK293 cells and 
screened against a bank of putative ligands, we found that the 
receptor failed to respond to NPY, but did produce robust 
Ca 2+ mobilization responses to a number of short peptides 
found in invertebrates which are all members of the 
structurally related -RFamide peptide family (Figure 3). These 
peptides include FM RFamide, found in a variety of molluscan 
species, pQGRFamide (antho- RFamide) from Anthopleura 
and pQLLGGRFamide (pol-RFamide) from Polyorchis 
(Greenberg & Price, 1992). 

The potency of these peptides at GPR10 was low (EC50 
values in /jM range -see Figure 3); moreover, the two known 
mammalian members of the -RFamide family, NPAF and 
NPFF, were inactive at GPR10. We hypothesized that the 
natural human ligand for GPR10 would be a novel member of 
the -RFamide family, perhaps a longer peptide which retained 
the characteristic -RFamide C-terminal motif. We therefore set 
out to purify the peptide from biological extracts of tissues. 

High resolution reverse-phase HPLC fractions of a porcine 
hypothalamus extract were screened against GPR10 stably 
expressed in HEK293 cells and specific, robust Ca 2 + 
mobilization responses were found in adjacent fractions 
(Figure 4). The activities appeared to be peptidic, as protease 
treatment of the fractions destroyed activity. In a parallel but 
unrelated effort, Hinuma et al. (1998) used very similar 
methods to also identify specific, peptidergic activity in 
hypothalamic extracts screened against GPR10 expressed in 
CHO cells, using arachidonic acid release as the functional 
assay. The activity was purified to homogeneity by further 
rounds of HPLC and ion exchange chromatography, and 
sequencing revealed a 3 1 amino acid peptide that, as predicted, 
contained a C-terminal -RFamide motif: SRAHQHS- 
M EI RTPDINP A W Y AGRGI RP VG- RFamide . Hinuma et al. 
(1998) also found a second, overlapping peptide of 20 amino 
acids that appeared to be a truncated version of the longer 
peptide: TPDINPAWYAGRGIRPVG-RFamide. Cloning of 
the cDNA for the peptide revealed the existence of a prepro- 
peptide containing an N-terminal secretory signal, and 
confirmed the sequence of the peptide (Hinuma et al., 1998). 
The authors found that the longer peptide stimulated prolactin 
release from pituitary cells in vitro, and termed the peptides 
PrRP31 and PrRP20 respectively. PrRP31 shows high potency 
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at GPR10 (EC 50 2 nM-see Figure 3), contrasting the low 
potency of the peptides from invertebrates, and suggesting that 
this peptide is the endogenous mammalian ligand for GPR10. 
The role of the peptide in vivo is under evaluation. 

GPR10 is the most recent example of the identification of 
a novel ligand for an orphan receptor using the reverse 
pharmacology approach. A second example involved the 
discovery of the orexins (orexin-A and orexin-B), two 
related peptides derived from the same precursor by 
proteolytic processing. Both peptides were purified from 
brain extracts by screening for Ca 2+ mobilization responses 
against an orphan receptor expressed in HEK293 cells 
(Sakurai et al., 1998). Orexin-B showed significantly lower 
potency than orexin-A at the orphan receptor, termed OX ]5 
which subsequently led to the discovery of a second orexin 
receptor (OX 2 ) at which both peptides were equi-potent. The 
orexin peptides are expressed in the hypothalamus and 
appear to be involved in the regulation of feeding (Sakurai 
et al, 1998). 

Novel non-peptide ligands have also been identified for 
orphan receptors, examples being anandamide and 2- 
arachidonyl glycerol as putative native ligands for cannabinoid 
receptors (Devane et al., 1992; Stella et al., 1997). As more 
orphan GPCRs are discovered and subjected to reverse 
pharmacology approaches, it seems likely that the number of 
novel ligands identified will increase. Moreover, as the biology 
of novel ligand/receptor pairs is evaluated and their 
association with disease states explored, we believe they will 
yield new drug targets that will allow us to treat a range of as 
yet unmet medical needs. As a consequence, orphan GPCRs 
may well provide the pharmaceutical industry with the next 
generation of drug targets (Stadel et al., 1997). 
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